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SUMMARY 
Th is  M a s t e r ' s  Thesis  descr ibes  a r e s e a r c h  program t o  f u r t h e r  deve lop  and 
i n v e s t i g a t e  chromium c a r b i d e  based s e l f - l u b r i c a t i n g  c o a t i n g s  f o r  use t o  760 "C. 
A bonded chromium c a r b i d e  was used as t h e  "base s t o c k "  because o f  t h e  known 
e x c e l l e n t  wear r e s i s t a n c e  and t h e  chemical s t a b i l i t y  o f  chromium c a r b i d e .  
" A d d i t i v e s "  w e r e  s i l v e r  and bar ium f l u o r i d e / c a l c i u m  f l u o r i d e  e u t e c t i c .  The 
t h r e e  c o a t i n g  components were  blended i n  powder form, a p p l i e d  t o  s t a i n l e s s  
s t e e l  s u b s t r a t e s  by p lasma-spray ing and then  diamond ground to  t h e  d e s i r e d  
c o a t i n g  t h i c k n e s s .  
Cr) 
h 
0 
A v a r i e t y  o f  c o a t i n g  compos i t ions  was t e s t e d  to  determine t h e  c o a t i n g  com- 
I p o s i t i o n  which gave optimum t r i b o l o g i c a l  r e s u l t s .  Coa t ings  were  t e s t e d  i n  a i r ,  
h e l i u m ,  and hydrogen a t  temperatures from 25 t o  760 " C .  Severa l  counte.rface 
m a t e r i a l s  were  eva lua ted  w i t h  t h e  o b j e c t i v e  o f  d i s c o v e r i n g  a s a t i s f a c t o r y  
m e t a l / c o a t i n g  s l i d i n g  combina t ion  f o r  p o t e n t i a l  a p p l i c a t i o n s ,  such as p i s t o n  
r i n g / c y l i n d e r  l i n e r  couples f o r  S t i r l i n g  eng ines .  
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I n  genera l ,  s i l v e r  and f l u o r i d e  a d d i t i o n s  t o  chromium c a r b i d e  reduced t h e  
f r i c t i o n  c o e f f i c i e n t  and increased t h e  wear r e s i s t a n c e  r e l a t i v e  to  t h e  unmodi- 
f i e d  c o a t i n g .  
f r i c t i o n  and wear. Severa l  c o a t i n g  compos i t i ons  gave good r e s u l t s  i n  hydro-  
gen, he l ium,  and a i r  to  760 " C .  
The l u b r i c a n t  " a d d i t i v e s "  a c t e d  s y n e r g i s t i c a l l y  i n  r e d u c i n g  
aNASA Res ident  Research Assoc ia te  a t  Lewis Research Cen te r ,  
C leve land,  Oh io  44135. 
CHAPTER 1 - INTRODUCTION 
The l u b r i c a t i o n  o f  s l i d l n g  c o n t a c t s  a t  h i g h  tempera ture  has been a major  
o b s t a c l e  t o  t h e  development o f  hea t  eng ines ,  advanced tu rbomach inery  and space- 
c r a f t  ( r e f .  1 ) .  Opera t i ng  tempera tures  for t hese  a p p l i c a t i o n s  can reach  
1000 " C  or h i g h e r .  
can w i t h s t a n d  temperatures above 400 " C .  
such as s o l i d  l u b r i c a n t s  must be used under these c o n d i t i o n s .  
There a r e  no l i q u i d  l u b r i c a n t s  c u r r e n t l y  a v a i l a b l e  t h a t  
There fore ,  o t h e r  t ypes  o f  l u b r i c a n t s  
A s o l i d  l u b r i c a n t  i s  a s o l i d  wh ich  can shear e a s i l y ,  p r o v i d i n g  low f r i c -  
t i o n ,  y e t  separate s l i d i n g  su r faces  i n  o r d e r  to  reduce wear. 
common s o l i d  l u b r i c a n t s  a re  g r a p h i t e ,  molybdenum d i s u l p h i d e  and p o l y t e t r a -  
f l u o r e t h y l e n e .  
Three o f  t h e  most 
GRAP H I T E 
Graph i te ,  a form o f  carbon,  i s  t h e  o l d e s t  and most common s o l i d  l u b r i c a n t .  
G r a p h i t e  has a hexagonal c r y s t a l  s t r u c t u r e  i n  which l a r g e  sheets  o f  c o v a l e n t l y  
bonded carbon atoms f o r m  p l a t e l e t s .  The boundar ies  between a d j a c e n t  p l a t e l e t s  
become p r e f e r r e d  s l i p  p lanes  which a l l o w  easy d i s l o c a t i o n  movement and hence 
low shear s t r e n g t h  w h i l e  t h e  s t r o n g  c o v a l e n t  bonds between atoms p r o v i d e  com- 
p r e s s i v e  s t r e n g t h  and, hence, wear r e s i s t a n c e .  
Dur ing  s l i d i n g ,  t h e  p l a t e l e t s ,  s o m e t i m e s  r e f e r r e d  t o  as c r y s t a l l i t e s ,  o r i -  
e n t  themselves so t h a t  t h e  p r e f e r r e d  s l i p  p lanes  a r e  a l i g n e d  w i t h  t h e  d i r e c t i o n  
of  mot ion .  T h i s  r e s u l t s  i n  a low b u l k  shear s t r e n g t h  and low f r i c t i o n  c o e f f i -  
c i e n t s .  
decrease bond s t r e n g t h  between p l a t e l e t s  and f u r t h e r  reduce f r i c t i o n .  Because 
o f  t h e  t r i b o l o g i c a l  e f f e c t  o f  these adsorbed vapors ,  g r a p h i t e  i s  a good l u b r i -  
c a n t  i n  a i r  b u t  i s  n o t  a good vacuum l u b r i c a n t .  I n  vacuum b o t h  f r i c t i o n  and 
wear r i s e  d r a m a t i c a l l y  ( r e f .  2). 
Water vapor and o t h e r  adsorbed gases on t h e  s u r f a c e  o f  t h e  p l a t e l e t s  
MOLYBDENUM DISULPHIDE 
Molybdenum d i s u l p h i d e ,  MoS2, has a l a y e r  l a t t i c e  s t r u c t u r e  s i m i l a r  t o  
g r a p h i t e  ( f i g .  1 ) .  P lana r  hexagonal sheets  o f  molybdenum atoms a re  surrounded 
by sheets  o f  s u l f u r  atoms. The bond ing  between molybdenun: and s u l f u r  atoms i s  
s t r o n g  b u t  bonding between a d j a c e n t  s u l f u r  atoms i s  v e r y  weak g i v i n g  MoS2 
p lanes  of  low shear s t r e n g t h .  
MoS2, because of t h e  weak bond ing  between l a y e r s  o f  s u l f u r  atoms, i s  an 
i n t r i n s i c  l u b r i c a n t .  I t  does n o t  r e q u i r e  adsorbed gases t o  reduce f r i c t i o n  as 
g r a p h i t e  does. There fore ,  MoS2 i s  a good l u b r i c a n t  i n  vacuum. But  i n  a i r ,  
MoS2 r e a c t s  w i t h  oxygen to  form Moo3 which i n t e r f e r e s  w i t h  the  s l i p  process 
caus ing  h i g h e r  f r i c t i o n  and wear i n  a i r  ( r e f .  2). The o x i d a t i o n  r a t e  i s  slow 
a t  r o o m  temperature b u t  i nc reases  e x p o n e n t i a l l y  w i t h  tempera ture .  MoS2 coat -  
i n g s ,  t h e r e f o r e ,  have reasonab ly  l o n g  wear l i v e s  i n  a i r  a t  low tempera tures ,  
b u t  can o n l y  be used f o r  v e r y  s h o r t  d u r a t i o n s  above 250 " C .  
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POLYTETRAFLUORETHYLENE 
. 
P o l y t e t r a f l u o r e t h y l e n e  (PTFE),  i s  a l o n g  c h a i n  molecu le  made by t h e  polym- 
e r i z a t i o n  of c a r b o n - f l u o r i n e  monomers. The monomers a re  c o v a l e n t l y  bonded 
t o g e t h e r  t o  form l o n g  cha ins .  The c h a i n s  a re  bonded t o  one another  by weak 
Van de r  Waal 's  fo rces .  Hence, under shear ,  t h e  l o n g  cha ins  e a s i l y  r o l l  ove r  
one another  p r o v i d i n g  low f r i c t i o n  w h i l e  s t r o n g  carbon t o  f l u o r i n e  c o v a l e n t  
bonds p r o v i d e  compressive s t r e n g t h  and wear r e s i s t a n c e  ( r e f .  3 ) .  
H I G H  TEMPERATURE LIMITATIONS 
High  temperature a d v e r s e l y  a f f e c t  t h e  t h r e e  conven t iona l  s o l i d  l u b r i c a n t s  
d iscussed.  PTFE l osses  i t s  compressive s t r e n g t h  above 150 " C  and cannot  sepa- 
r a t e  two s l i d i n g  s u r f a c e s ,  l ead ing  t o  excess i ve  wear of b o t h  the  s u b s t r a t e  
m a t e r i a l s  and the  PTFE.  
The b e n e f i c i a l  vapors adsorbed i n  g r a p h i t e  a re  d r i v e n  o u t  by h i g h  tempera- 
t u r e s .  T h i s  s i g n i f i c a n t l y  inc reases  f r i c t i o n  and wear due t o  an inc rease  i n  
p l a t e l e t  t o  p l a t e l e t  bond s t r e n g t h .  MoS2 becomes much more r e a c t i v e  a t  h i g h  
tempera tures .  S ince  t h e  r e a c t i o n  p r o d u c t s  o f  MoS2 and a i r ,  namely MoO3, i n t e r -  
f e r e  w i t h  t h e  s l i p  p rocess  i t  i s  n o t  a good l u b r i c a n t  above about  250 "C excep t  
i n  h i g h  vacuum. 
O the r  s o l i d  l u b r i c a n t s  must be cons ide red  t o  l u b r i c a t e  under severe cond i -  
t i o n s  i n  b o t h  vacuum and v a r i o u s  atmospheres where tempera tures  as h i g h  as 
1000 "C may be encountered.  
H I G H  TEMPERATURE LUBRICANT APPLICATIONS 
The p r a c t i c a l  impetus for  t h e  development of h i g h  tempera ture  l u b r i c a n t s  
comes m a i n l y  from the  f o l l o w i n g  areas:  space a p p l i c a t i o n s ,  advanced a i r c r a f t /  
au tomot i ve  tu rbomach inery  and energy c o n s e r v a t i o n  research .  
Space Appl i c a t i o n s  
Spacec ra f t  su r faces ,  d u r i n g  r e - e n t r y  to t h e  e a r t h ' s  atmosphere, and 
r o c k e t  eng ine  components f r e q u e n t l y  encounter  tempera tures  as h i g h  as 1000 "C. 
C o n t r o l  mechanisms o f t e n  must undergo s l i d i n g  c o n t a c t  under these c o n d i t i o n s .  
The t r a d i t i o n a l  approach t o  these l u b r i c a t i o n  problems has been t o  a v o i d  them. 
Designs a r e  chosen t h a t  move e s s e n t i a l  s l i d i n g  c o n t a c t s  o u t  o f  h o t  areas a l l o w -  
i n g  t h e  use o f  conven t iona l  l u b r i c a n t s .  One example o f  t h i s  des ign  approach 
i s  t he  i n s u l a t i n g  t i l e s  on t h e  space s h u t t l e  which p r o v i d e  thermal  p r o t e c t i o n  
t o  many of t h e  s h u t t l e ' s  c o n t r o l  mechanisms. These des igns ,  however, add t o  
t h e  c o m p l e x i t y  o f  t h e  system. C l e a r l y ,  i n  space a p p l i c a t i o n s  where we igh t ,  
r e l i a b i l i t y ,  and s i m p l i c i t y  a r e  i m p o r t a n t  f a c t o r s  t h e  need e x i s t s  f o r  more 
s u i t a b l e  l u b r i c a n t s .  
A i r c r a f t / A u t o m o t i v e  Turbomachinery 
Recent advances i n  t u r b i n e  development for  t h e  aerospace and au tomot i ve  
i n d u s t r y  have been aimed a t  i n c r e a s i n g  t h e  e f f i c i e n c y  of gas t u r b i n e s  w h i l e  
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m a i n t a i n i n g  h i g h  t h r u s t  t o  we igh t  r a t i o s .  The predominant  approach to ach ieve  
these goa ls  i s  t o  i n c r e a s e  t h e  t u r b i n e  i n l e t  tempera tures  o f  these eng ines  
thereby  i n c r e a s i n g  t h e i r  thermal  e f f i c i e n c y .  The need fo r  bear ings  and l u b r i -  
can ts  capable of o p e r a t i n g  a t  tempera tures  of 650 " C  i s  n o t  uncommon i n  e x p e r i -  
menta l  turbomachinery ( r e f .  4). The l u b r i c a n t s  used i n  s l i d i n g  components such 
as s h a f t  sea ls  and t h r u s t  p l a t e s  must meet t h e  demanding requ i remen ts  found 
he re .  Even gas hydrodynamic bear ings ,  which r i d e  on  a f i l m  o f  a i r ,  exper ience 
s l i d i n g  c o n t a c t  du r ing  s t a r t - u p  and shut-down and must be l u b r i c a t e d  i n  o r d e r  
t o  lower s t a r t i n g  to rque  and wear. C u r r e n t l y ,  s a c r i f i c i a l  m a t e r i a l s  which need 
f r e q u e n t  replacement a r e  used i n  these a p p l i c a t i o n s .  T h i s  method i s  c o s t l y  and 
needs improvement. 
Energy Conserva t i on  Research 
The S t i r l i n g  and A d i a b a t i c  d i e s e l  engines a re  h i g h  tempera ture  p i s t o n  
engines t h a t  achieve h i g h  e f f i c i e n c i e s  by o p e r a t i n g  a t  tempera tures  as h i g h  as 
760 "C.  I n  t h e  a d i a b a t i c  d i e s e l ,  c y l i n d e r  w a l l / p i s t o n  r i n g  l u b r i c a t i o n  and 
v a l v e  s t e m  l u b r i c a t i o n  have been major  problems.  A s h o r t  t e r m  s o l u t i o n  i s  t o  
a p p l y  a s a c r i f i c i a l  " m i s t "  or spray  o f  o i l  t o  t h e  s l i d i n g  c o n t a c t s .  The o i l ,  
however, o n l y  p rov ides  temporary  l u b r i c a t i o n  because i t  burns .  Over t i m e  t h e  
burned o i l  res idue  chokes t h e  engine r e q u i r i n g  a complete teardown and c lean-  
i n g .  A s o l i d  l u b r i c a n t  which c o u l d  c o n t r o l  wear w i t h o u t  p roduc ing  u n d e s i r a b l e  
byproduc ts  would be more a p p r o p r i a t e .  
The S t i r l i n g  eng ine  i s  an e x t e r n a l  combust ion eng ine  t h a t  uses h e l i u m  or 
hydrogen as t h e  work ing f l u i d .  C y l i n d e r  w a l l / p i s t o n  r i n g  tempera tures  reach 
760 " C .  The c u r r e n t  l u b r i c a t i o n  procedure f o r  t h i s  s l i d i n g  c o n t a c t  i s  t o  p l a c e  
t h e  p i s t o n  r i n g  a t  t h e  bo t tom of t he  p i s t o n  where t h e  tempera tures  a r e  lower  
( f i g .  2 ) .  T h i s  c o n f i g u r a t i o n  a l l o w s  t h e  use o f  more common s o l i d  l u b r i c a n t s  
such as MoS2 and PTFE. But  t he  annu la r  space c r e a t e d  between t h e  p i s t o n  r i n g  
and the  t o p  o f  t h e  p i s t o n  decreases t h e  o v e r a l l  e f f i c i e n c y  o f  t h e  eng ine  as 
much as 5 t o  10 percent  ( r e f .  5 ) .  A b e t t e r  s o l i d  l u b r i c a n t ,  capab le  of w i t h -  
s tand ing  these c o n d i t i o n s  i s  needed. 
C l e a r l y ,  new s o l i d  l u b r i c a n t s  t h a t  can p e r f o r m  i n  a v a r i e t y  o f  env i ron -  
ments such as hydrogen, he l ium,  a i r ,  and vacuum a t  h i g h  tempera tures  a re  essen- 
t i a l  t o  t h e  success of  these and many o t h e r  p r o j e c t s .  
Th is  t h e s i s  p r o j e c t  desc r ibes  a program t o  f u r t h e r  deve lop  an e x i s t i n g  
s o l i d  l u b r i c a n t  system capab le  of o p e r a t i n g  from room tempera ture  t o  760 "C i n  
a i r ,  he l i um,  or hydrogen. Th is  system ho lds  promise for mee t ing  t h e  l u b r i c a -  
t i o n  cha l l enges  presented above. 
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CHAPTER 2 - MATERIAL SELECTION 
A l o g i c a l  p a t h ,  employ ing severa l  des ign  ga tes ,  was used t o  deve lop  t h e  
h i g h  tempera ture ,  s e l f - l u b r i c a t i n g  c o a t i n g  s y s t e m  s t u d i e d  i n  t h i s  program. 
The genera l  des ign  approach i s  d iscussed f o l l o w e d  by s p e c i f i c  d i s c u s s i o n  o f  
t h e  m a t e r i a l s  s t u d i e d  i n  t h i s  program. A f low c h a r t  o f  the  des ign  process  i s  
o u t l i n e d  i n  f i g u r e  3. 
The f i r s t  s tep  t o  develop a h i g h  tempera ture  s o l i d  l u b r i c a n t  i s  to  d e t e r -  
mine expected o p e r a t i n g  temperatures and env i ronments .  
tempera ture  s o l i d  l u b r i c a n t  t o  be success fu l  i t  must be a b l e  t o  w i t h s t a n d  h i g h  
o p e r a t i n g  temperatures as w e l l  as c h e m i c a l l y  r e a c t i v e  env i ronments.  Thus, t h e  
f i rst des ign  ga te  cons ide red  i s  m e l t i n g  tempera ture  and t h e  second des ign  ga te  
i s  chemical  r e a c t i v i t y  w i t h  t h e  o p e r a t i n g  env i ronment  and o t h e r  system 
components. 
I n  o r d e r  f o r  a h igh -  
A b r i e f  r e v i e w  o f  the  p e r i o d i c  t a b l e  o f  t h e  e lements and s tandard  mate- 
r i a l  handbooks i n d i c a t e s  t h a t  many me ta l s  and most ceramics pass t h e  f i r s t  
des ign  c r i t e r i o n  or ga te ,  h i g h  m e l t i n g  tempera ture .  These " p o t e n t i a l "  m a t e r i -  
a l s  must now be checked fo r  t h e i r  chemical  r e a c t i v i t y  w i t h  t h e  a n t i c i p a t e d  
env i ronment .  F r e e  energy,  thermochemical c a l c u l a t i o n s  a re  made t o  de termine 
wh ich  m a t e r i a l s  w i l l  be r e l a t i v e l y  n o n r e a c t i v e  a t  h i g h  tempera tures  i n  t h e  
o p e r a t i n g  env i ronment .  
A t  t h i s  p o i n t  we have a l i s t  of m a t e r i a l s  t h a t  have h i g h  m e l t i n g  tempera- 
t u r e s  and h i g h  tempera ture  chemical s t a b i l i t y .  The mechanica l  and p h y s i c a l  
p r o p e r t i e s  o f  these cand ida te  m a t e r i a l s  must now be a s c e r t a i n e d  i n  o r d e r  t o  
proceed t o  t h e  n e x t  des ign  g a t e .  T h i s  d a t a  i s  n o r m a l l y  a c q u i r e d  from hand- 
books and th rough a l i t e r a t u r e  search. 
The f i n a l  des ign  ga te  i s  t o  a t t a i n  accep tab le  t r i b o l o g i c a l  p r o p e r t i e s  
under  expected o p e r a t i n g  c o n d i t i o n s .  I n  o r d e r  f o r  a h i g h  tempera ture  s o l i d  
l u b r i c a n t  to be cons ide red  successful i t  must e x h i b i t  low f r i c t i o n  and wear 
p r o p e r t i e s  as w e l l  as thermal  and chemical  s t a b i l i t y .  
I t  i s  l i k e l y  t h a t  no s i n g l e  m a t e r i a l  which passed t h e  f i r s t  des ign  ga tes  
w i l l  a l s o  show b o t h  low f r i c t i o n  and low wear p r o p e r t i e s .  Some m a t e r i a l s  may 
be wear r e s i s t a n t  b u t  n o t  l u b r i c i o u s  and v i ce -ve rsa .  Others  may o n l y  l u b r i -  
c a t e  ove r  a smal l  tempera ture  range when a l a r g e  o p e r a t i n g  tempera ture  range 
m i g h t  be encountered.  
To overcome t r i b o l o g i c a l  behav io r  d e f i c i e n c i e s  o f  some m a t e r i a l s  i t  may 
be necessary t o  combine seve ra l  m a t e r i a l s  t o g e t h e r  t o  deve lop  a success fu l  
h igh- tempera ture  s o l i d  l u b r i c a n t  system. The l o g i c  beh ind  t h i s  approach i s  
g e n e r i c  t o  t h e  f o r m u l a t i o n  o f  a l l  composi te  m a t e r i a l s :  t h a t  i s  t o  combine t h e  
d e s i r a b l e  p r o p e r t i e s  o f  each component w i t h o u t  a d v e r s e l y  a f f e c t i n g  t h e  d e s i r a -  
b l e  p r o p e r t i e s  of o t h e r  components. The chemical r e a c t i v i t i e s  between system 
components must t h e r e f o r e  a l s o  be checked. I f  some components a r e  c h e m i c a l l y  
r e a c t i v e  w i t h  one another  o t h e r  m a t e r i a l s  may have t o  be chosen. 
Th is  des ign  process i s  an i t e r a t i v e  one which w i l l  p r o b a b l y  l e a d  t o  many 
p o t e n t i a l  l u b r i c a n t  systems. P r a c t i c a l i t y ,  s a f e t y  c o n s i d e r a t i o n s ,  c o s t ,  and 
f i n a l  t e s t i n g  must be taken i n t o  account t o  de termine the  b e s t  l u b r i c a n t  
sys tem. 
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D E S I G N  APPROACH APPLICATION 
Th is  genera l  des ign  approach has been a p p l i e d  t o  t h e  development o f  a 
h igh- tempera ture  s o l i d  l u b r i c a n t  c o a t i n g ,  t h e  PS200 c o a t i n g  sys tem,  by Haro ld  
E.  S l i n e y  a t  NASA Lewis Research Cen te r .  The requ i remen ts  or des ign  c r i t e r i a  
of  t h i s  l u b r i c a n t  s y s t e m  a r e :  ( 1 )  t h e  c o a t i n g  must be t h e r m a l l y  and c h e m i c a l l y  
s t a b l e  a t  h i g h  temperatures i n  a i r ,  he l i um,  hydrogen, and vacuum, t h e  proposed 
o p e r a t i n g  environments; ( 2 )  t he  c o a t i n g  must d i s p l a y  h i g h  wear r e s i s t a n c e  and 
adherence f o r  extended l i f e  a p p l i c a t i o n s ;  ( 3 )  t h e  c o a t i n g  must e x h i b i t  reasona- 
b l y  low f r i c t i o n  c o e f f i c i e n t s  t o  reduce f r i c t i o n a l  l o s s e s ;  and ( 4 )  t h e  c o a t i n g  
must be a b l e  to  opera te  over a wide tempera tu re  range from room tempera ture  t o  
900 "C.  
Much o f  t h e  research  a s s o c i a t e d  w i t h  t h e  m a t e r i a l s  s e l e c t i o n  f o r  t h i s  
l u b r i c a n t  c o a t i n g  system has been completed o v e r  t h e  p a s t  decade a t  NASA Lewis.  
The m a t e r i a l s  chosen w i l l  be rev iewed and t h e i r  f u n c t i o n  e x p l a i n e d .  
The c o a t i n g  components a re  a metal-bonded chromium c a r b i d e  "base s t o c k "  
combined w i t h  s i l v e r  and bar ium f l u o r i d e / c a l c i u m  f l u o r i d e  e u t e c t i c .  The chro-  
mium c a r b i d e  base stock p r o v i d e s  wear r e s i s t a n c e  w h i l e  t h e  s i l v e r  and e u t e c t i c  
a c t  as low and h igh  tempera ture  l u b r i c a n t s ,  r e s p e c t i v e l y .  
t h roughou t  t h e  o p e r a t i n g  tempera ture  range.  
chemical c a l c u l a t i o n s  made t o  examine chemical  r e a c t i v i t y  a t  v a r i o u s  
tempera tures .  
A l l  t h r e e  o f  t h e  c o a t i n g  components a re  c h e m i c a l l y  and t h e r m a l l y  s t a b l e  
Appendix A i l l u s t r a t e s  t h e  thermo- 
The p h y s i c a l  p r o p e r t i e s  o f  t h e  c o a t i n g  components a r e  as fo l lows: 
Chromium ca rb ide .  - Chromium c a r b i d e  i s  a hard ,  wear r e s i s t a n t  ceramic.  
I t  has been used s u c c e s s f u l l y  i n  wear c o n t r o l  a p p l i c a t i o n s  ( r e f .  6 ) .  Chromium 
c a r b i d e ,  however, i s  n o t  a good l u b r i c a n t  and does n o t  m e e t  t h e  l u b r i c a t i o n  
requ i rements  o f  the c o a t i n g  system. 
i n g  s y s t e m  to  p rov ide  a l u b r i c a t i o n  e f f e c t .  
S i l v e r .  - S i l v e r  possesses remarkable thermal  and chemical  s t a b i l i t y  yet  
has v e r y  low shear s t r e n g t h  even a t  room tempera ture .  
ve r  a p o t e n t i a l l y  good l u b r i c a n t .  
undergoes p l a s t i c  de fo rma t ion  p r o v i d i n g  a l u b r i c a t i o n  e f f e c t  y e t  reduces wear 
by s e p a r a t i n g  the two r u b b i n g  s u r f a c e s .  
p e r a t u r e  (-350 "C) l u b r i c a n t  b u t  a t  h i g h  tempera ture ,  l o s s e s  i t s  compressive 
s t r e n g t h  and cannot e f f e c t i v e l y  separa te  s l i d i n g  su r faces  or suppor t  l oads .  
Therefore,  s i l v e r  can o n l y  be cons ide red  as a lower  tempera ture  l u b r i c a n t .  I t  
does n o t  f u n c t i o n  as a wear r e s i s t a n t  c o a t i n g  component. 
Other  m a t e r i a l s  must be added t o  t h e  coat -  
Th is  p r o p e r t y  makes s i l -  
S i l v e r  i s  a good room t o  moderate tem- 
When used i n  a s l i d i n g  c o n t a c t ,  s i l v e r  
Bar ium f l u o r i d e / c a l c i u m  f l u o r i d e  e u t e c t i c .  - BaF2, CaF2, and t h e  Group I 1  
f l u o r i d e s  i n  qenera l .  a r e  v e r y  s t a b l e  and have shown t o  be e x c e l l e n t  h i g h  tem-  
p e r a t u r e  l u b r i c a n t s  ( r e f .  7 ) . -  A t  tempera tures  above t h e i r  b r i t t l e  t o  d u c t i l e  
t r a n s i t i o n  temperature,  app rox ima te l y  40 p e r c e n t  o f  t h e i r  a b s o l u t e  m e l t i n g  tem-  
p e r a t u r e ,  these i o n i c  s o l i d s  behave as good l u b r i c a n t s  ( r e f .  8 ) .  They e x h i b i t  
d u c t i l e  behav io r  which p rov ides  low f r i c t i o n  and r e t a i n  enough compressive 
s t r e n g t h  t o  suppor t  loads  and m a i n t a i n  low wear. 
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Bond M a t e r i d 1  
I n  o r d e r  t o  a p p l y  t h e  a c t i v e  c o a t i n g  components, namely t h e  Cr3C2, t h e  
e u t e c t i c  and t h e  s i l v e r ,  i n  a p r a c t i c a l  manner, a bond m a t e r i a l  i s  used. I t  
f u n c t i o n s  as a b i n d e r  by keep ing  the c o a t i n g  components i n  a cont inuous  m a t r i x .  
A n i c k e l  a l u m i n i d e / c o b a l t  b inde r  i s  chosen f o r  t h i s  c o a t i n g  system f o r  
seve ra l  reasons:  ( 1 )  t h e  b i n d e r  i s  t h e r m a l l y  and c h e m i c a l l y  s t a b l e  a t  e l e -  
v a t e d  tempera tures ,  ( 2 )  t h e  b inde r  possesses h i g h  s t r e n g t h  which adds to  t h e  
wear r e s i s t a n c e  of t h e  c o a t i n g ,  ( 3 )  t h e  b i n d e r ' s  b u l k  thermal  expansion c o e f f i -  
c i e n t s  c l o s e l y  match those of t y p i c a l  c o a t i n g  s u b s t r a t e s  such as s t a i n l e s s  
s t e e l ,  r e d u c i n g  thermal  s t r e s s e s  and c r a c k i n g ,  and (4) t h i s  b i n d e r  combined 
w i t h  chromium c a r b i d e  i s  commerc ia l l y  a v a i l a b l e  as a plasma spray  powder f a c i l -  
i t a t i n g  specimen p r e p a r a t i o n .  
I n  summary, t h e  c o a t i n g  system c o n s i s t s  of a metal-bonded chromium ca r -  
b i d e  "base s t o c k "  which p r o v i d e s  wear r e s i s t a n c e  w i t h  s i l v e r  meta l  and bar ium 
f l u o r i d e / c a l c i u m  f l u o r i d e  e u t e c t i c  a d d i t i o n s  which p r o v i d e  l u b r i c a t i o n  o v e r  a 
w i  de tempera ture  range.  
Other  m a t e r i a l s  a r e  s u i t a b l e  for t h i s  t y p e  o f  composi te  m a t e r i a l .  
i s  p a r t i c u l a r l y  t r u e  for t h e  low temperature s o l i d  l u b r i c a n t  a d d i t i v e .  S i l v e r  
i s  chosen for i t s  chemical s t a b i l i t y ,  a v a i l a b i l i t y ,  and r e l a t i v e  low c o s t .  
D i f f e r e n t  low shear s t r e n g t h  m a t e r i a l s ,  g o l d ,  f o r  example, cou ld  a l s o  be used 
b u t  m a t e r i a l  waste d u r i n g  t h e  plasma-spray process make lower c o s t  s i l v e r  more 
a t t r a c t i v e .  Also, b o t h  s i l v e r  and t h e  e u t e c t i c  have been proven as v i a b l e  
s o l i d  l u b r i c a n t s  i n  o t h e r  a p p l i c a t i o n s  making them l o g i c a l  cho ices  for  t h i s  
composi te  sys tem ( r e f .  4). 
T h i s  
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The conceptual PS200 c o a t i n g  system was developed and t e s t e d  p r i o r  to the  
b e g i n n i n g  of  t h i s  M a s t e r ' s  t h e s i s  research  p r o j e c t  ( r e f .  9 ) .  The optimum coat -  
i n g  compos i t i on  was, however, unknown. I t  i s  t h e  goal  o f  t h i s  research  program 
t o  determine t h e  c o a t i n g  compos i t i on  which e x h i b i t s  t h e  b e s t  o v e r a l l  t r i b o l o g i -  
c a l  per formance.  The f o l l o w i n g  s e c t i o n  o u t 1  i n e s  t h e  Composi t ion o p t i m i z a t i o n  
program undertaken t o  de termine t h e  b e s t  c o a t i n g  compos i t i on .  
COATINGS CHOSEN 
The c o a t i n g  compos i t i on  o p t i m i z a t i o n  i s  a t h r e e  v a r i a b l e  program designed 
t o  de termine the  c o a t i n g  c o n s t i t u e n t  p r o p o r t i o n s  which g i v e  t h e  b e s t  o v e r a l l  
t r i b o l o g i c a l  performance on a p in -on -d i sk  t r i b o m e t e r .  The t h r e e  main v a r i a -  
b l e s  a re  s i l v e r  weight  pe rcen t ,  BaF2/CaF2 we igh t  p e r c e n t  and metal-bonded chro-  
mium c a r b i d e  weight  p e r c e n t .  
Due t o  the  comp lex i t y  and expense a s s o c i a t e d  w i t h  p r e p a r i n g  and t e s t i n g  
each c o a t i n g  compos i t ion  t h e  o v e r a l l  compos i t i on  domain was l i m i t e d .  The com- 
p o s i t i o n s  eva lua ted  can be broken down i n t o  f o u r  d i s t i n c t  c a t e g o r i e s ;  t h e  l i m -  
i t i n g  composi t ions,  t h e  c o n t r o l  compos i t ions ,  t h e  r a t i o  va r iance  compos i t ions ,  
and compos i t ions  w i t h  a 1 : l  r a t i o  o f  added l u b r i c a n t s .  Table I i n d i c a t e s  t h e  
complete range of  compos i t ions  t e s t e d  and the  PS200 numbering s y s t e m  by which 
the  compos i t ions  a r e  des igna ted .  
L i m i t i n g  Composi t ions 
The c o a t i n g  des igna ted  PS218 c o n t a i n s  o n l y  t h e  metal-,bonded chromium ca r -  
b i d e  w i t h  no s i l v e r  o r  e u t e c t i c .  I t  i s  eva lua ted  p r i m a r i l y  t o  de termine i f  
l u b r i c a n t  a d d i t i o n s  do, i n  f a c t ,  improve c o a t i n g  per formance.  The d a t a  taken 
from t h i s  compos i t ion  a re  cons ide red  b a s e l i n e  d a t a  t o  which o t h e r  compos i t ions  
can be compared. I t  was expected t h a t  PS218 would be t h e  most wear r e s i s t a n t  
c o a t i n g  b u t  would a l s o  e x h i b i t  t h e  h i g h e s t  f r i c t i o n  c o e f f i c i e n t s .  
PS213 conta ins  60 w t  % metal-bonded chromium c a r b i d e  and 20 w t  % each o f  
the  s i l v e r  and bar ium f l u o r i d e  a d d i t i o n s .  T h i s  c o a t i n g  i s  a l i m i t i n g  composi- 
t i o n  because i t  c o n t a i n s  t h e  h i g h e s t  p r o p o r t i o n  o f  added l u b r i c a n t s .  I t  was 
expected t h a t  any c o a t i n g s  t e s t e d  which c o n t a i n  l e s s  o f  the  metal-bonded chro-  
mium c a r b i d e  "base-stock" would d i s p l a y  excess ive  wear because t h e  meta l  b i n d e r  
c o u l d  no longer  form a s t rong ,  con t inuous  m a t r i x  t o  suppor t  t h e  l u b r i c a n t  add i -  
t i v e s .  Hence, p low ing  o f  t h e  c o a t i n g  by hard  c o u n t e r f a c e  m a t e r i a l s  would then 
o c c u r .  
C o n t r o l  Cases 
The coa t ings  PS215 and PS216 a r e  compos i t ions  t h a t  a re  l a c k i n g  i n  one 
added l u b r i c a n t .  These compos i t ions  w e r e  chosen t o  check t h e  v a l i d i t y  o f  t h e  
" p r o p e r t y  a d d i t i o n "  premise.  That  i s ,  i t  was n o t  yet  shown t h a t  i n  t h i s  com- 
p o s i t e  c o a t i n g  system t h e  s i l v e r  a c t s  as a low tempera ture  l u b r i c a n t  and t h e  
e u t e c t i c  a c t s  as a h i g h  tempera ture  l u b r i c a n t .  These compos i t ions  would ve r -  
i f y  t h i s  t h e o r y  as  w e l l  as de termine if bo th  l u b r i c a n t s  w e r e  a c t u a l l y  needed 
i n  t h e  c o a t i n g  system. PS215 c o n t a i n s  70 w t  % of the  meta l  bonded chromium 
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c a r b i d e ,  30 w t  '% of s i l v e r ,  and no e u t e c t i c  w h i l e  PS216 c o n t a i n s  70 w t  % meta l  
bonded chromlum c a r b i d e ,  30 percent  e u t e c t i c  and no s i l v e r .  
A d d i t i v e  R a t i o  Var iance Coat ings  
The f o l  
de termine i f  
l a r g e  e f f e c t  
bonded chrom 
85 w t  % meta 
owing compos i t ions  des ignated  PS203 and PS204 were t e s t e d  t o  
smal l  va r iances  i n  the r a t i o  between l u b r i c a n t  a d d i t i v e s  had a 
on t h e  o v e r a l l  coa t i ng  per formance.  PS203 c o n t a i n s  85 w t  % meta l -  
um c a r b i d e ,  5 w t  % s i l v e r  and 10 w t  % e u t e c t i c  and PS204 c o n t a i n s  
-bonded chromium carb ide ,  10 w t  % s i l v e r ,  and 5 w t  % e u t e c t i c .  
Composi t ions Wi th a 1 : 1  R a t i o  o f  Added L u b r i c a n t s  
A c o a t i n g  c o n t a i n i n g  80 w t  % metal-bonded chromium c a r b i d e  and 10 w t  % 
each o f  t h e  added l u b r i c a n t s  (PS200) was t e s t e d  i n  a p rev ious  s tudy  and found 
t o  be a good h i g h  tempera ture  l u b r i c a n t  ( r e f .  10) .  S ince t h i s  c o a t i n g  w i t h  a 
1 : l  r a t i o  o f  added l u b r i c a n t s  performed w e l l  i t  was dec ided to  t e s t  o t h e r  1 : l  
r a t i o  t y p e  c o a t i n g s  to f i n d  what t o t a l  added l u b r i c a n t  we igh t  p e r c e n t  g i v e s  t h e  
b e s t  t r i b o l o g i c a l  per formance.  PS212 c o n t a i n s  70 w t  % metal-bonded chromium 
c a r b i d e  and 15 w t  % of each of t h e  added l u b r i c a n t s .  PS213 c o n t a i n s  60 w t  % 
metal-bonded chromium c a r b i d e  and 20 w t  % o f  each of t h e  added l u b r i c a n t s .  
TERNARY DIAGRAM 
F i g u r e  4 i s  t h e  t e r n a r y  diagram for  t h e  PS200 s e r i e s  c o a t i n g  system. I t  
g i v e s  a g r a p h i c a l  r e p r e s e n t a t i o n  o f  t h e  c o a t i n g  compos i t ions  eva lua ted  and 
shows v i s u a l l y  how each compos i t ion  v a r i e s  from one ano the r .  The upper l i m i t  
a t  t h e  apex o f  t h e  t r i a n g l e  i s  PS218 which c o n t a i n s  no added l u b r i c a n t s .  The 
lower  l i m i t  o f  t h e  t e s t  program i s  PS213 which c o n t a i n s  o n l y  60 w t  X of t h e  
metal-bonded chromium c a r b i d e  base s t o c k  and 20 w t  % each o f  t h e  s i l v e r  and 
f l u o r i d e  e u t e c t i c .  Coat ings  t h a t  f a l l  a l o n g  t h e  l i n e  between PS218 and PS213 
have 1 : l  r a t i o s  o f  added l u b r i c a n t s ,  namely c o a t i n g s  PS212, PS200, and PS213. 
PS203 and PS204, on t h e  same h o r i z o n t a l  l e v e l ,  c o n t a i n  t h e  same we igh t  p e r c e n t  
o f  t h e  metal-bonded chromium ca rb ide  b u t  have v a r i e d  amounts o f  added s i l v e r  
or e u t e c t i c .  F i n a l l y ,  PS215 and PS216, l o c a t e d  a t  t h e  edges o f  t h e  t r i a n g l e ,  
c o n t a i n  70 w t  % o f  the  metal-bonded chromium c a r b i d e  b u t  a r e  l a c k i n g  i n  one 
l u b r i c a n t  or t h e  o t h e r .  
Coat ing Powder P r e p a r a t i o n  
The metal-bonded chromium carb ide  i s  commerc ia l l y  a v a i l a b l e  i n  powder form 
I t  conta ins  approx ima te l y  60 w t  % chromium c a r b i d e  and 
Mesh s i z e  and compos i t i on  o f  each c o a t i n g  compo- 
from t h e  Metco company. 
40 w t  % n i c k e l - c o b a l t  b i n d e r .  
n e n t  a r e  g i v e n  i n  t a b l e  11. 
The s i l v e r  i s  purchased i n  powder form from t h e  Metco or t h e  F i s h e r  Sc ien-  
t i f i c  Company. I t  i s  99.99 percent  pure .  Powder s i z e s  range from -100 t o  
+325 mesh. 
The BaF2/CaF2 e u t e c t i c  powder i s  made by p h y s i c a l l y  m i x i n g  reagen t  grade 
bar ium f l u o r i d e  and c a l c i u m  f l u o r i d e  powders i n  62 w t  % I38  w t  % p r o p o r t i o n s .  
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These p r o p o r t i o n s  g i v e  the  e u t e c t i c  compos i t i on  which has t h e  l owes t  m e l t i n g  
tempera ture .  Ea r l y  i n  the  program i t  was d i s c o v e r e d  t h a t  t h e  ease o f  c o a t i n g  
a p p l i c a t i o n  ( p l a m a  sp ray ing )  and c o a t i n g  performance were improved by  p r e f u s -  
i n g  the  e u t e c t i c  m i x t u r e  then r e g r i n d i n g  i t  to p roper  mesh s i z e .  The p r e f u s -  
i n g  i s  c a r r i e d  out i n  a n i t r o g e n  atmosphere i n  a c l e a n  n i c k e l  c r u c i b l e  i n  a 
Harper tube fu rnace a t  1100 " C .  The r e s u l t i n g  fused e u t e c t i c  b l o c k  i s  then 
crushed i n  a mechanical  c r u s h i n g  machine u n t i l  t h e  p a r t i c l e  s i z e  i s  between 1 
and 2 m i l l i m e t e r s .  The crushed e u t e c t i c  i s  f u r t h e r  ground i n  a b a l l  m i l l  
u s i n g  aluminum ox ide  p e l l e t s  as t h e  c r u s h i n g  s tones .  
powder i s  t hen  s ieved t o  o b t a i n  powder o f  the  c o r r e c t  s i z e  f o r  plasma sp ray ing .  
X-ray a n a l y s i s  o f  t h e  e u t e c t i c  p repared by  t h i s  method i n d i c a t e s  t h a t  no s i g -  
n i f i c a n t  con taminat ion  o f  t h e  powder o c c u r s .  By p r e f u s i n g  and r e g r i n d i n g  the  
e u t e c t i c ,  c o a t i n g  samples a r e  v e r y  u n i f o r m  and g i v e  c o n s i s t e n t  t e s t  r e s u l t s .  
The r e s u l t i n g  e u t e c t i c  
To p repare  the c o a t i n g  compos i t ions ,  the  powders a r e  weighed on an a n a l y t -  
i c a l  ba lance i n  the c o r r e c t  p r o p o r t i o n s  f o r  t h e  c o a t i n g  d e s i r e d .  The measured 
powders a r e  then b lended t o g e t h e r  and a r e  ready  for t h e  plasma spray  process .  
PLASMA SPRAYING 
Plasma sp ray ing  i s  t he  techn ique used t o  a p p l y  t h e  powder c o a t i n g s  to  
meta l  s u b s t r a t e  t e s t  samples. Plasma s p r a y i n g  i s  an i d e a l  procedure f o r  
a p p l y i n g  m ix tu res  o f  substances t h a t  have v a r i e d  m e l t i n g  tempera tures  o n t o  sur-  
f aces  w i t h  l i t t l e  s u b s t r a t e  h e a t i n g  which can cause thermal  d i s t o r t i o n .  
The b a s i c  plasma spray  process i s  as fo l lows: a s t ream o f  Argon c a r r i e r  
gas i s  e l e c t r i c a l l y  i o n i z e d l h e a t e d  between an anode and cathode t o  a t  l e a s t  
10 000 K .  The coa t ing  powder m i x t u r e  i s  f o r c e d  i n t o  t h i s  h o t  gas s t ream where 
i t  m e l t s .  The hot  a rgon and me l ted  powder m i x t u r e  then  impinges o n t o  t h e  c o l d  
(room temperature)  s u b s t r a t e .  The c o a t i n g  m i x t u r e  " s p l a t s "  and adheres to  t h e  
s u b s t r a t e  fo rm ing  a s t r o n g  c o a t i n g .  F i g u r e  5 shows t h e  plasma spray  process 
s c h e m a t i c a l l y .  The s u b s t r a t e  i s  u s u a l l y  h e l d  i n  a r o t a t i n g  or t r a v e r s i n g  
l a t h e  chuck and the plasma sp ray  gun i s  passed o v e r  t h e  p a r t .  Many passes a re  
r e q u i r e d  t o  bu i l dup  the  t h i c k  ( 1 5  m i l s )  c o a t i n g  t e s t e d  i n  t h i s  s tudy .  T h i s  
process d e p o s i t s  app rox ima te l y  0.013 cm o f  c o a t i n g  pe r  pass.  
spray  parameters a r e  g i v e n  i n  t a b l e  111. 
T y p i c a l  plasma 
G r i n d i n g  Procedure 
The plasma-sprayed s u r f a c e  i s  a rough,  t r i b o l o g i c a l l y  poor  su r face .  I n  
o r d e r  to  be a good f r i c t i o n  and wear s u r f a c e  t h e  rough c o a t i n g  must be diamond 
ground.  
f i n a l  d imension o r  c l o s e  t o l e r a n c e s .  
Diamond g r i n d i n g  a l s o  p r o v i d e s  a conven ien t  method o f  a c h i e v i n g  a 
A diamond g r i n d i n g  procedure was developed i n  t h i s  program t o  o b t a i n  good, 
c o n s i s t e n t  wear surfaces from t h e  plasma sprayed c o a t i n g s .  
dure  i s  as follows: A number 150 g r i t  diamond g r i n d i n g  wheel i s  used w i t h  
d e i o n i z e d  water  l u b r i c a t i o n  t o  g r i n d  t h e  c o a t i n g  s u r f a c e .  I n i t i a l  rough c u t  
g r i n d i n g  passes are made a t  a dep th  o f  no more than  0.0025 cm. 
i n g  t h i c k n e s s  i s  w i t h i n  0.0025 cm the  g r i n d i n g  depth  pe r  pass i s  reduced t o  
0.0010 cm. I f  the g r i n d  depths p e r  pass a r e  too l a r g e  the  so f t  phase m a t e r i -  
a l s ,  namely t h e  s i l v e r  and e u t e c t i c ,  w i l l  be "p lucked"  from the  s u r f a c e  l eav -  
i n g  r a i s e d  carb ide  r i c h  areas which a c t  as a g r i n d i n g  wheel .  I f  t h e  g r i n d i n g  
The genera l  proce-  
When the  coa t -  
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dep th  pet. pass i s  too sinal 1 t h e  n i c k e l - c o b a l  t blnder. m a t e r i a l  w l  1 1  smear ove r  
t h e  e n t i r e  sur face l e a v i n g  a n i c k e l - c o b a l t  wear su r face  w i t h  no l u b r i c a n t s  
exposed. F i g u r e  6 shows, schemat i ca l l y ,  t h e  d i f f e r e n c e  between good and poor  
wear sur faces .  Appendix B exp la ins  the  g r i n d i n g  procedure  i n  more d e t a i l .  
F i g u r e  7 shows an a c t u a l  c o a t i n g  s u r f a c e  a f t e r  diamond g r i n d i n g .  I t  i s  c l e a r  
from t h i s  f i g u r e  t h a t  t h e  soft phases a re  p resen t  a t  t h e  c o a t i n g  s u r f a c e  from 
t h e  "speck led"  appearance of t h e  c o a t i n g .  
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CHAPTER I V  - APPARATUS AND PROCEDURES 
TEST APPARATUS 
The p in-on-d isk t r i b o m e t e r  i s  a w e l l  known, w i d e l y  used f r i c t i o n  and wear 
t e s t e r  based on the f l a t  s l i d i n g  a g a i n s t  a round geometry ( f i g .  8 ) .  A hemi- 
s p h e r i c a l l y  t i pped  p i n  i s  loaded a g a i n s t  a r o t a t i n g  d i s k .  The d i s k  s u r f a c e ,  
t he  p i n  t i p  o r  both a r e  coated  w i t h  the  m a t e r i a l s  t o  be t e s t e d .  
h e l d  s t a t i o n a r y  by a t o r q u e  arm. 
i s  measured by  a s t r a i n  gauge. The f r i c t i o n  c o e f f i c i e n t  i s  d e f i n e d  as the  
f r i c t i o n  f o r c e  d i v i d e d  b y  t h e  normal a p p l i e d  l o a d  on t h e  p i n .  
The p i n  i s  
The d rag  f o r c e  or f r i c t i o n  f o r c e  on t h e  arm 
Wear o f  bo th  t h e  p i n  and t h e  d i s k  a r e  measured to  g i v e  an i n d i c a t i o n  o f  
the  wear r e s i s t a n c e  o f  the  s l i d i n g  coup le .  A s  t h e  p i n  wears, a round wear sca r  
develops on i t s  t i p  and a c i r c u l a r  wear t r a c k  or groove i s  worn i n t o  t h e  d i s k  
wear s u r f a c e .  Rider or p i n  wear i s  de termined by  measur ing t h e  s i z e  o f  the  
round wear sca r  by photomicroscopy and c a l c u l a t i n g  t h e  wear volume from geomet- 
r i c  c o n s i d e r a t i o n s .  Appendix C shows the  d e r i v a t i o n  o f  t h e  p i n  wear volume 
c a l c u l a t i o n s .  Disk wear i s  de termined by t a k i n g  a s u r f a c e  p r o f i l e  across  t h e  
wear t r a c k  pe rpend icu la r  t o  t h e  s l i d i n g  d i r e c t i o n ,  c a l c u l a t i n g  t h e  c ross  sec- 
t i o n  a rea  and m u l t i p l y i n g  by t h e  average t r a c k  c i r cumfe rence .  
Advantages o f  t h e  P in -on-d isk  T r ibomete r  
The p in -on-d isk  t r i b o m e t e r  has seve ra l  advantages o v e r  o t h e r  wear t e s t  
se tups .  
i n  a c t u a l  w e a r / f r i c t i o n  a p p l i c a t i o n s  such as s l i d i n g  v e l o c i t y ,  tempera ture ,  
atmosphere, l o a d ,  and counter face  wear m a t e r i a l s .  Because t h e  p i n  i s  hemi- 
s p h e r i c a l l y  t i p p e d  t h e  p in -on -d i sk  geometry i s  i n s e n s i t i v e  t o  misa l ignment  o f  
t h e  p i n  and d i s k  specimens. 
and the  c o a t i n g s  a re  e a s i l y  a p p l i e d  t o  d i s k s .  S ince  most p in -on-d isk  wear 
t e s t e r s  can be run a t  h i g h  speeds, a c c e l e r a t e d  wear d a t a  can be taken .  The 
p in -on-d isk  wear t e s t e r  i s  a good apparatus to  use t o  screen m a t e r i a l s  f o r  f u r -  
t h e r  s tudy .  
Tes t  c o n d i t i o n s  a r e  e a s i l y  v a r i e d  t o  s i m u l a t e  many c o n d i t i o n s  found 
The wear d i s k s  and p i n s  a r e  s imp le  t o  f a b r i c a t e  
Disadvantages o f  the  P in -on-d isk  Tr ibometer  
The p in -on-d isk  t r i b o m e t e r  a l s o  has seve ra l  d isadvantages .  The s l i d i n g  
geometry,  though s imp le ,  i s  n o t  r e a l i s t i c ;  few machines c o n t a i n  b a l l s  loaded 
i n  s l i d i n g  con tac t  a g a i n s t  f l a t  su r faces .  The c o n t a c t  p ressu re  between a b a l l  
or  p i n  and a f l a t  i s  v e r y  h i g h  d u r i n g  i n i t i a l  s l i d i n g  b u t  as wear o f  t h e  p i n  
progresses and t h e  c o n t a c t  a rea  i nc reases ,  t h e  c o n t a c t  p ressu re ,  an i m p o r t a n t  
t r i b o l o g i c a l  f ac to r ,  decreases.  The p in -on-d isk  appara tus  a lone  i s  o n l y  a 
sc reen ing  tool and i s  n o t  a good p r e d i c t o r  o f  f u t u r e  wear l i f e  a p p l i c a t i o n s .  
Other  more r e a l i s t i c  appara tus  such as t r u e  b e a r i n g  r i g s  must be used t o  f u r -  
t h e r  s tudy  m a t e r i a l s  t h a t  per form w e l l  on t h e  p in -on-d isk  t r i b o m e t e r .  
Tes t  M a t e r i a l s  
The s p e c i f i c  c o a t i n g s  have been f u l l y  desc r ibed  i n  Chapter  11. I n  t h i s  
s e c t i o n  the  wear specimens and d e t a i l s  of t h e  s p r a y i n g  procedure  a r e  presented .  
12  
The c o a t i n g s  a re  plasma sprayed o n t o  h i g h  tempera ture  n i c k e l  a l l o y  d i s k s  
6.35 cm i n  d iameter  and 1.27 cm t h i c k .  The d i s k  m a t e r i a l  compos i t i on  i s  g i v e n  
i n  t a b l e  I V .  The d i s k s  a r e  f i r s t  sandb las ted ,  t hen  a t h i n  bond c o a t  
(0.0076 cm) o f  n icke l -chromium powder (80 w t  % N i ,  20 w t  % C r )  i s  plasma 
sprayed o n t o  t h e  roughened sur face .  The c o a t i n g  m i x t u r e  i s  plasma sprayed 
o v e r  t h e  bond c o a t  t o  a th i ckness  o f  about  0.038 cm. 
mond ground to  g i v e  a t o t a l  c o a t i n g  t h i c k n e s s  (bond c o a t  and l u b r i c a n t  c o a t )  
of  0.025 cm. The diamond g r i n d i n g  procedure  i s  o u t l i n e d  i n  appendix  B. 
The c o a t i n g  i s  t hen  d i a -  
Wear P i n s  
A number o f  c o u n t e r f a c e  m a t e r i a l s  a r e  chosen for  e v a l u a t i o n  of  t h e i r  s l i d -  
The p i n  mate- i n g  behav io r  a g a i n s t  t h e  metal-bonded chromium c a r b i d e  c o a t i n g s .  
r i a l s  a r e  chosen because o f  t h e i r  thermal  and chemical  s t a b i l i t y  and s t r e n g t h  
a t  e l e v a t e d  tempera tures .  They also have t o  be p r a c t i c a l  m a t e r i a l s  for  use as 
engine components, one of the  proposed c o a t i n g  system a p p l i c a t i o n s .  The mate- 
r i a l s  chosen a r e :  a p r e c i p i t a t i o n  hardened n i c k e l  chromium a l l o y  A ;  two s t a i n -  
PS200 c o a t i n g  
compos i t i  ons 
t h  a r a d i u s  of 
l e s s  s t e e l s ,  a l l o y s  B and C; a hardened c o b a l t  a l l o y  C; and t h e  
on a l l o y  B. Tab 
o f  these m a t e r i a  
0.476 cm and a r e  
e V g i v e s  t h e  Rockwell hardness and t h e  
s .  The wear p ins  a r e  h e m i s p h e r i c a l l y  t 
2 cm long .  
nomi na 
PPed w 
T e s t  Apparatus 
A p in-on-d isk  t y p e  o f  apparatus ( f i g .  8)  was used i n  t h i s  s tudy .  A hemi- 
s p h e r i c a l l y  t i p p e d  p i n  i s  loaded a g a i n s t  a d i s k  by means o f  dead we igh ts .  
F r i c t i o n  f o r c e  i s  c o n t i n u o u s l y  measured by means o f  a tempera ture  compensated 
s t r a i n  gauge b r i d g e .  G e n e r a l l y ,  o n l y  t h e  d i s k  i s  coa ted ,  b u t  t h e  p i n  or b o t h  
specimens may be coated .  The p i n  genera tes  a 51 mm d iameter  wear t r a c k  on t h e  
d i s k .  S l i d i n g  i s  u n i d i r e c t i o n a l  and t h e  v e l o c i t y  i s  2.7 m / s .  The specimens 
a r e  heated by a low f requency  i n d u c t i o n  h e a t e r  c o i l  l o c a t e d  c i r c u m f e r e n t i a l l y  
around t h e  d i s k .  The s u r f a c e  temperature o f  t h e  d i s k  i s  mon i to red  w i t h  an 
i n f r a r e d  pyrometer  capab le  of measuring tempera tures  from 100 t o  1400 OC 
25 p e r c e n t .  Disk s u r f a c e  temperature i s  measured on  t h e  d i s k  wear t r a c k  
90 deg ahead o f  t h e  s l i d i n g  c o n t a c t .  
Tes t  Procedure 
Prior t o  each s e t  o f  t e s t s ,  t h e  d i s k s  a re  heated  i n  a vacuum oven a t  
150 O C  for 3 h r  t o  remove any v o l a t i l e  r e s i d u e  r e m a i n i n g  from t h e  f i n i s h i n g  
o p e r a t i o n  and subsequent hand l i ng .  Both t h e  p i n  and t h e  d i s k  a r e  then c leaned 
w i t h  e t h y l  a l c o h o l ,  scrubbed w i t h  l e v i g a t e d  a lumina and then r i n s e d  w i t h  d i  s -  
t i l l e d  water  and d r i e d .  
U s u a l l y ,  t h e  t e s t  d u r a t i o n  i s  1 h r  a t  each o f  t h r e e  tempera tures ,  25, 
350, and 760 OC. Rider  wear i s  measured eve ry  20 min  by removing the  p i n  and 
measur ing t h e  wear scar  d iameter  on t h e  hemispher i ca l  s u r f a c e  from which t h e  
wear volume can be c a l c u l a t e d .  L o c a t i n g  dowels a l l o w  a c c u r a t e  r e l o c a t i o n  o f  
t h e  t e s t  p i n .  
1 3  
D i s k  wear i s  measured a f t e r  each hour by r e c o r d i n g  a s u r f a c e  p r o f i l e  of 
t h e  wear t r a c k ,  computing t h e  a rea  o f  removed /d i sp laced  c o a t i n g ,  and m u l t i -  
p l y i n g  by t h e  average c i rcumference o f  t h e  wear t r a c k  t o  o b t a i n  t h e  wear 
volume. 
The atmosphere o f  t h e  t e s t  chamber i s  hydrogen or hel i t im;  w i t h  p u r i t i e s  
of 99 and 99.997 p e r c e n t  r e s p e c t i v e l y .  Some t e s t s  a r e  r u n  i n  moist a i r .  The 
moist a i r  i s  s u p p l i e d  from d r i e d ,  f i l t e r e d  s e r v i c e  a i r ,  r o u t e d  th rough  a deion-  
i z e d  water  f i l l e d  bubble j a r .  The r e l a t i v e  h u m i d i t y  of t h e  t e s t  a i r  i s  meas- 
u r e d  w i t h  an e l e c t r o n i c  h u m i d i t y  me te r .  The r e l a t i v e  h u m i d i t y  o f  the  a i r  
s u p p l i e d  t o  t h e  t e s t  chamber i s  35 p e r c e n t  a t  25 "C t h r o u g h o u t  t h e  t e s t s .  
gases a r e  r o u t e d  th rough  a f low meter a t  a r a t e  of 0.014 m3/min. 
o f  t h e  t e s t  chamber i s  0.002 in3. 
The 
The volume 
I n i t i a l l y ,  the chamber i s  purged w i t h  n i t r o g e n  for  10 min b e f o r e  i n t r o -  
d u c i n g  t h e  t e s t  gas .  
b e f o r e  b e g i n n i n g  t h e  f r i c t i o n  and wear exper imen ts .  
The chamber i s  t hen  t h o r o u g h l y  purged w i t h  t h e  t e s t  gas 
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CHAPTER V - EXPERIMENTAL RESULTS AND OISCUSSION 
The b a s i c  measurement parameters a r e  t h e  f r i c t i o n  c o e f f i c i e n t ,  p, and the  
wear f a c t o r ,  k. 
f o r c e  d i v i d e d  by t h e  normal l o a d  o f  t h e  s l i d i n g  c o n t a c t .  
i s  d e f i n e d  as:  
The f r i c t i o n  c o e f f i c i e n t  i s  d e f i n e d  as t h e  f r i c t i o n  or d rag  
M a t h e m a t i c a l l y ,  p 
( f r i c t i o n  f o r c e )  
(normal  l o a d )  P =  
The r e l a t i o n s h i p  between f r i c t i o n  f o r c e  and t h e  normal l o a d  i s  l i n e a r  t o  
a f i rst o r d e r  app rox ima t ion .  That i s ,  p i s  a c o n s t a n t  parameter  independent  
of t h e  normal l o a d .  The goa l  of  a l u b r i c a n t  i s  t o  reduce t h e  f r i c t i o n  c o e f f i -  
c i e n t  t he reby  r e d u c i n g  energy losses and improv ing  t h e  o v e r a l l  e f f i c i e n c y  o f  a 
dev i ce .  
The second b a s i c  measurement parameter  i s  t h e  wear f a c t o r ,  K .  K i s  a 
measure of wear t h a t  takes  i n t o  account l oad ,  wear volume, and d i s t a n c e  o f  
s l i d i n g .  I t s  s i g n i f i c a n c e  i s  based upon t h e  assumpt ion t h a t  these f a c t o r s  
a f f e c t  a s l i d i n g  coup le  l i n e a r l y .  M a t h e m a t i c a l l y ,  k i s  d e f i n e d  as:  
(wear v o l  . I  
( l o a d  x d i s t .  s l i d )  
k =  
Appendix D g i v e s  a f u r t h e r  e x p l a n a t i o n  o f  t h e  wear f a c t o r  as w e l l  as some i d e a  
o f  how i t  r e l a t e s  t o  c o a t i n g  performance. I n  g e n e r a l ,  however, t he  lower t h e  
wear f a c t o r ,  t h e  b e t t e r  t h e  c o a t i n g  per formance.  
The error a s s o c i a t e d  w i t h  t h e  r e s u l t s  p resen ted  i n  t h i s  s e c t i o n  a r e  o u t -  
l i n e d  i n  appendix E.  The f o l l o w i n g  t e s t s  were per fo rmed u s i n g  specimens from 
the  same b a t c h .  Due t o  t h e  h i g h  c o s t  of specimen f a b r i c a t i o n  and t e s t i n g ,  
repea ted  t e s t s  were g e n e r a l l y  n o t  per formed.  More r e c e n t  work, however, i n d i -  
c a t e s  t h a t  reasonab le  e r r o r  es t imates  for t h e  d a t a  below, un less  o t h e r w i s e  
s t a t e d ,  a r e :  t 1 0  p e r c e n t  for the  f r i c t i o n  c o e f f i c i e n t  and 215 t o  20 p e r c e n t  
for the  wear f a c t o r s .  
P i n  M a t e r i a l  O p t i m i z a t i o n  R e s u l t s  ( r e f .  1 1 )  
Table V I  g i v e s  t h e  r e s u l t s  ob ta ined  i n  t h e  f r i c t i o n  and wear exper iments  
w i t h  v a r i o u s  p i n  m a t e r i a l s  s l i d i n g  on PS200. 
( r e f .  4 )  shown promise as a backup l u b r i c a n t  for  f o i l  b e a r i n g s .  There fo re ,  i t  
was used to  s e l e c t  a s i n g l e  coun te r face  m a t e r i a l  f o r  t h e  p i n  m a t e r i a l  o p t i m i -  
z a t i o n  s tudy .  Based upon the  r e s u l t s  shown, a l l o y  C, a hardenab le  c o b a l t -  
chromium a l l o y  was s e l e c t e d  as the optimum p i n  m a t e r i a l .  Al loy C i s  used t o  
e v a l u a t e  t h e  v a r i o u s  c o a t i n g  compos i t ions  i n  t h e  compos i t i on  o p t i m i z a t i o n .  
Th is  c o a t i n g  had p r e v i o u s l y  
Table V I 1  summarizes t h e  r e s u l t s  o f  t h e  c o a t i n g  o p t i m i z a t i o n  s tudy .  t h e  
metal-bonded Cr3C2 f o r m u l a t i o n  w i t h  no added l u b r i c a n t s  (PS218) p r o v i d e d  ade- 
quate  wear r e s i s t a n c e  for t h e  counter face m a t e r i a l ,  b u t  t h e  c o a t i n g  wear f a c -  
t o r s  were  h i g h e r  than  w i t h  the  fo rmu la ted  c o a t i n g s .  F r i c t i o n  c o e f f i c i e n t s  w i t h  
PS218 were v e r y  h i g h  and e r r a t i c  and t h e r e  was a s t r o n g  tendency t o  t r a n s f e r  
c o a t i n g  m a t e r i a l  t o  t h e  s u r f a c e  o f  t h e  c o u n t e r f a c e  m a t e r i a l .  E v e n t u a l l y ,  t h i s  
r e s u l t e d  i n  PS218 s l i d i n g  a g a i n s t  PS218, a s i t u a t i o n  where a b r a s i v e  wear of  
the  p a r e n t  c o a t i n g  by ha rd  p a r t i c l e s  lodged i n  t h e  sof ter  p i n  m a t e r i a l  o c c u r s .  
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Al though ve ry  use fu l  f o r  wear c o n t r o l  i n  many a p p l i c a t i o n s ,  chromium c a r b i d e  
c o a t i n g s  have poor t r i b o l o g i c a l  per formance w i t h o u t  s o l i d  l u b r i c a n t  a d d i t i v e s .  
The lowes t  s o l i d  l u b r i c a n t  c o n t e n t  was i n  PS203 and PS204 which c o n t a i n e d  
a t o t a l  o f  1 5  w t  % s i l v e r  and f l u o r i d e s .  
about  0.5, f o r  both compos i t i ons .  The r e s u l t s  of these t e s t s  i n d i c a t e d  t h a t  
s l i g h t l y  v a r y i n g  the r a t i o  of added l u b r i c a n t s  had l i t t l e  or no e f f e c t  on the  
t r i b o l o g i c a l  performance o f  t h e  c o a t i n g .  
F r i c t i o n  c o e f f i c i e n t s  were h i g h ,  
F r i c t i o n  c o e f f i c i e n t s  f o r  PS200 (80 w t  % metal-bonded Cr3C2, 10 w t  % Ag, 
10 w t  % e u t e c t i c )  w e r e  t y p i c a l l y  0.25 t o  0 .35  i n  h e l i u m  and somewhat lower  i n  
hydrogen. 
and PS213 a l s o  con ta in  1 : l  r a t i o  amounts of added s i l v e r  and e u t e c t i c .  P S 2 1 2  
c o n t a i n s  1 5  w t  % s i l v e r  and 15 w t  % e u t e c t i c  and PS213 c o n t a i n s  20 w t  % s i l v e r  
and 20 w t  % e u t e c t i c .  PS212 e x h i b i t e d  lower  f r i c t i o n  c o e f f i c i e n t s  and lower 
wear f a c t o r s  than PS200. F r i c t i o n  c o e f f i c i e n t s  w i t h  PS213 were about  t h e  same 
as PS212, 0.20 t o  0.28 b u t  c o a t i n g  wear was h i g h e r  (see t a b l e  VI). There fo re ,  
for a 1 : l  r a t i o  o f  t he  two added l u b r i c a n t s ,  a t o t a l  a d d i t i v e  c o n t e n t  o f  about  
30 w t  % appears t o  be near  optimum f o r  t h i s  c o a t i n g  system. 
Wear factors were a l s o  lower  t h a n  those  o f  p r e v i o u s  c o a t i n g s .  PS212 
Two a d d i t i o n a l  c o a t i n g  compos i t ions  were e v a l u a t e d  t o  check t h e  v a l i d i t y  
o f  the  " p r o p e r t y  a d d i t i o n  p r i n c i p l e . "  These c o a t i n g s  a l s o  he lped de te rm ine  
whether b o t h  s i l v e r  and e u t e c t i c  were r e a l l y  needed i n  t h e  c o a t i n g  t o  ach ieve  
s a t i s f a c t o r y  f r i c t i o n  and wear performance over t h e  d e s i r e d  tempera ture  range.  
PS215 c o n t a i n s  30 w t  % s i l v e r  and no f l u o r i d e  e u t e c t i c ,  w h i l e  PS216 c o n t a i n s  
30 w t  % f l u o r i d e  e u t e c t i c  and no s i l v e r .  PS215 e x h i b i t e d  a v e r y  e r r a t i c  s t i c k -  
s l i p  behav io r  a t  760 O C ,  and c o a t i n g  wear was h i g h .  Excess ive  t r a n s f e r  o f  s i l -  
v e r  t o  t h e  p i n  occur red .  A t  350 O C ,  t h e  same b e h a v i o r  o c c u r r e d  b u t  i n  a l e s s  
severe manner. A t  room tempera ture ,  s l i d i n g  was smooth and s teady  f r i c t i o n  
c o e f f i c i e n t  o f  0.23 w a s  observed.  Th is  behav io r  i n d i c a t e s  t h a t  s i l v e r  i s  a 
good low temperature l u b r i c a n t ,  b u t  (excep t  when used as a t h i n  f i l m )  t r a n s -  
f e r s  e x c e s s i v e l y  a t  e l e v a t e d  tempera tures .  
For PS216 ( the  compos i t i on  c o n t a i n i n g  e u t e c t i c  b u t  no s i l v e r )  t h e  f r i c -  
t i o n  c o e f f i c i e n t s  a r e  about  0.4. Th is  i s  a p p r o x i m a t e l y  o n e - t h i r d  l ower  than  
t h e  un fo rmu la ted  c o a t i n g ,  PS218. However, t he  c o a t i n g  exper ienced heavy wear 
and t r a n s f e r  to t h e  p i n  t i p  e s p e c i a l l y  a t  lower  tempera tures .  The r e s u l t s  
i n d i c a t e  t h a t  the  a d d i t i o n  o f  e u t e c t i c  a lone  i n  t h e  compos i t i on  l owers  t h e  
f r i c t i o n  a t  a l l  temperatures b u t  i nc reases  the  c o a t i n g  wear and t r a n s f e r  pa r -  
t i c u l a r l y  a t  room tempera ture .  
The t e s t s  of PS215 and PS216 do suppor t  t h e  " p r o p e r t y  a d d i t i o n  p r i n c i p l e "  
i n  t h a t  n e i t h e r  coa t ing  per fo rms w e l l  t h roughou t  t h e  tempera ture  range.  I t  i s  
o n l y  when b o t h  l u b r i c a n t s  a r e  p r e s e n t ,  such as i n  PS212, t h a t  t h e  c o a t i n g  pe r -  
forms u n i f o r m l y  we1 1 . 
D iscuss ion  o f  C o a t i n g  O p t i m i z a t i o n  R e s u l t s  
The chromium c a r b i d e  c o a t i n g  system l u b r i c a t e s  b e s t  when combined w i t h  
b o t h  s i l v e r  and the e u t e c t i c .  I n  f a c t ,  t h e  f r i c t i o n  and wear p r o p e r t i e s  of 
t h e  c o a t i n g  a r e  s u b s t a n t i a l l y  improved w i t h  t h e  a d d i t i o n  o f  s i l v e r  and eutec-  
t i c  up to  an a d d i t i v e  c o n t e n t  o f  30 p e r c e n t .  The mechanism f o r  t h i s  behav io r  
appears t o  be the  f o l l o w i n g :  when a coun te r face  m a t e r i a l  i s  s l i d  a g a i n s t  t he  
unmod i f i ed  coa t ing  (PS2181, some c a r b i d e  p a r t i c l e s  adhere t o  t h e  counter face  
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suv fdce .  When c a r b i d e  t r a n s f e r  occurs ,  t he  5 1  i d i n g  becomes one o f  t r a n s f e r r e d  
chroniium c a r b i d e  p a r t l c l e s  s l i d i n g  a g a i n s t  t he  p a r e n t  c o a t i n g .  The p i n  then 
a b r a s i v e l y  wears the  c o a t l n g .  On the o t h e r  hand, when s i l v e r  and t h e  e u t e c t i c  
a r e  added to  t h e  Coat ing  compos i t ion ,  t h e  soft l u b r i c a n t s  tend t o  form a l u b r i -  
c a t i n g  f i l m  t h a t  has t h e  e f f e c t  of p r e v e n t i n g  c a r b i d e  t r a n s f e r .  
and wear c h a r a c t e r i s t i c s  Of the  composite c o a t i n g  a re  c o n t i n u o u s l y  improved 
w i t h  t h e  a d d i t i o n  of s o l i d  l u b r i c a n t  u n t i l  t h e  c o n c e n t r a t i o n  o f  t h e  me ta l -  
bonded c a r b i d e  i s  i n s u f f i c i e n t  t o  form a cont inuous  ne twork ,  t hus  weakening 
t h e  c o a t i n g .  
face m a t e r i a l  t e n d i n g  t o  i n c r e a s e  f r i c t i o n  and c o a t i n g  wear. The d a t a  i n d i -  
ca tes  t h a t  t h e  m a t r i x  breakdown begins a t  a metal-bonded chromium c a r b i d e  
c o n t e n t  o f  60 w t  %. 
The f r i c t i o n  
Th is  weakening leads t o  p l o w i n g  o f  t h e  l u b r i c a n t s  by t h e  coun te r -  
I n t e r e s t i n g l y ,  t h e  compos i t ions  t h a t  were l a c k i n g  i n  one l u b r i c a n t  or 
ano the r ,  PS215 and PS216, behaved ve ry  much l i k e  the  unmod i f i ed  c o a t i n g .  They 
b o t h  e x h i b i t e d  excess ive  c o a t i n g  t o  p i n  t r a n s f e r  and c o a t i n g  wear was gener- 
a l l y  h i g h .  
l u b r i c a t i n g  f i l m  forms on t h e  wear s u r f a c e .  
I t  i s  o n l y  when b o t h  l u b r i c a n t s  a re  p r e s e n t  t h a t  an e f f e c t i v e  
EDS x - ray  analyses of t h e  wear specimens v e r i f y  t h a t  s e l e c t i v e  t r a n s f e r  
o f  t h e  c o a t i n g  components to  t h e  r i d e r  does o c c u r .  
(PS218>, the  c a r b i d e  t r a n s f e r s  and embeds i n t o  t h e  r i d e r s  more p redominan t l y  
than t h e  n i c k e l - c o b a l t  b i n d e r  meta l .  F i g u r e  9 shows t h e  r e l a t i v e  concent ra -  
t i o n s  o f  chromium, n i c k e l ,  and aluminum o u t s i d e  and on t h e  wear s c a r .  The 
c o a t i n g  t r a n s f e r  t o  t h e  p i n  r e s u l t s  i n  a chromium c a r b i d e  e n r i c h e d  s u r f a c e  
f i l m  on t h e  p i n  which f u r t h e r  wears t h e  d i s k  c o a t i n g .  A b u i l d u p  o f  t h e  so f t  
phase m a t e r i a l s ,  namely t h e  n i c k e l  and t h e  aluminum, occu rs  a t  t h e  s l i d i n g  
i n l e t .  Th i s  i n d i c a t e s  t h a t  o n l y  the ha rde r  m a t e r i a l  i s  r e t a i n e d  on t h e  p i n  
wear s u r f a c e  w h i l e  t h e  s o f t e r  b inde r  m a t e r i a l  c h a r a c t e r i s t i c a l l y  accumulates 
a t  t h e  i n l e t  t o  t h e  s l i d i n g  con tac t .  
For t h e  unmod i f i ed  c o a t i n g  
On t h e  o t h e r  hand, i n  a c o a t i n g  c o n t a i n i n g  s i l v e r  and the  e u t e c t i c  t he  
o p p o s i t e  occu rs ;  t h e  s o f t  phase m a t e r i a l s  t r a n s f e r  t o  t h e  p i n  w h i l e  t h e  c a r b i d e  
t r a n s f e r  i s  a c t u a l l y  b locked .  This e f f e c t  i s  i l l u s t r a t e d  w i t h  PS212 (15  w t  % 
s i l v e r  and 15 w t  % e u t e c t i c )  i n  f i g u r e  10. C l e a r l y ,  t h i s  s i t u a t i o n  i s  b e n e f i -  
c i a l  t o  l u b r i c a t i o n  as t h e  so f t  l u b r i c a n t s  p r o v i d e  a l u b r i c a t i v e  r a t h e r  than  
an a b r a s i v e  f i l m  between t h e  s l i d i n g  m a t e r i a l s .  
Both t h e  s i l v e r  and t h e  e u t e c t i c  a c t  s y n e r g y s t i c a l l y  t o  improve t h e  l u b r i -  
c a t i o n  p r o p e r t i e s  o f  t h e  c o a t i n g .  
does n o t  p reven t  ab ras i ve  wear of the  c o a t i n g  and t h e  c o u n t e r f a c e  m a t e r i a l .  
Also, each l u b r i c a n t  a lone can o n l y  l u b r i c a t e  ove r  a r e l a t i v e l y  nar row tempera- 
t u r e  range.  When bo th  l u b r i c a n t s  a re  p r e s e n t  i n  t h e  c o a t i n g ,  t h e  tempera ture  
range i n  which t h e  system can l u b r i c a t e  widens t o  i n c l u d e  the  tempera tu re  
ranges o f  b o t h  t h e  s i l v e r  and t h e  e u t e c t i c .  
Having o n l y  one o f  t h e  two i n  t h e  c o a t i n g  
Atmospheric E f f e c t  on T r i b o l o g i c a l  P r o p e r t i e s  ( r e f .  12) 
E a r l y  i n  t h e  program i t  was d iscovered t h a t  t h e  f r i c t i o n  and wear d a t a  o f  
t h i s  c o a t i n g  sys tem i s  g r e a t l y  i n f l uenced  by t h e  t e s t  atmosphere. The c o a t i n g  
per formed b e t t e r  i n  hydrogen, a reduc ing  atmosphere, t han  i n  he l i um,  an i n e r t  
atmosphere, and b e t t e r  i n  h e l i u m  than i n  a i r ,  an o x i d i z i n g  env i ronment .  Fur-  
t h e r  t e s t s  were per formed w i t h  PS200 (10 w t  % each o f  s i l v e r  and e u t e c t i c )  t o  
s tudy  t h i s  phenomenon. 
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The d a t a  presented I n  t h l s  s e c t l o n  a r e  trom specimens from two d i f f e r e n t  
A t  l e a s t  one specimen from each b a t c h  was t e s t e d  i n  one atmosphere. ba tches .  
S ince repea ted  measurements for each specimen were taken,  an e r r o r  e s t i m a t e  
based upon t h e  data s c a t t e r  can be made. 
a l o n g  w i t h  t h e  average d a t a  v a l u e s  and r e p r e s e n t  one s tandard  d e v i a t i o n  of t h e  
d a t a  p o i n t s .  These e r r o r s  compare w e l l  w i t h  t h e  e r r o r  a n a l y s i s  g i v e n  i n  
appendix E .  
The e r r o r  e s t i m a t e s  a r e  r e p o r t e d  
Exper imenta l  R e s u l t s  of t h e  Atmospher ic  E f f e c t s  S tudy  
The r e s u l t s  o f  t h e  f r i c t i o n  and wear exper iments  a r e  summarized i n  
t a b l e  V I 1 1  and shown g r a p h i c a l l y  i n  f i g s .  1 1  t o  13. The d a t a  suppor t  p r e v i o u s  
r e s u l t s  which i n d i c a t e  t h a t  t h e  t e s t  atmosphere does s i g n i f i c a n t l y  a f f e c t  t h e  
f r i c t i o n  and wear behav io r  of t h e  c o a t i n g .  Tes ts  i n  hydrogen g i v e n  t h e  l o w e s t  
f r i c t i o n  and wear r e s u l t s .  F r i c t i o n  c o e f f i c i e n t s  a r e  g e n e r a l l y  0.2320.05 and 
c o a t i n g  wear f a c t o r s  ( k )  a r e  low 6 . 4 ~ 1 0 - l ~  cm3/(cm-kg). See appendix  B f o r  an 
e x p l a n a t i o n  o f  the wear f a c t o r  k .  I n  h e l i u m  t h e  f r i c t i o n  c o e f f i c i e n t s  a r e  
25  p e r c e n t  h i g h e r ,  t h a t  i s ,  0.2920.03, and t h e  c o a t i n g  wear f a c t o r  i nc reases  
by 50 p e r c e n t .  P in wear fo l lows t h e  same t r e n d  as t h e  c o a t i n g  wear. I n  gen- 
e r a l  t h e n ,  t h e  f r i c t i o n  and wear of t h e  c o a t i n g  and c o u n t e r f a c e  m a t e r i a l  
i n c r e a s e  as t h e  t e s t  atmosphere becomes l e s s  r e d u c i n g  i n  t h e  f o l l o w i n g  o r d e r :  
hydrogen + he1 ium + a i r .  
D i scuss ion  o f  t h e  Atmospher ic  E f f e c t s  R e s u l t s  
A f t e r  t h e  wear t e s t s  were completed,  x - ray  p h o t o e l e c t r o n  spec t roscopy  
( X P S )  a n a l y s i s  of  t h e  c o a t i n g  specimens was per formed t o  de te rm ine  t h e  phases 
and compounds present  on  t h e  wear sur face .  The XPS-analysis v e r i f i e d  t h e  p res -  
ence of t h e  c o n s t i t u e n t s  o f  t h e  c o a t i n g  and a l s o  i n d i c a t e d  t h a t  n o  i m p u r i t i e s  
were added t o  the  c o a t i n g  d u r i n g  t h e  p r e p a r a t i o n  p r o c e s s .  
A s  p r e v i o u s l y  d i scussed ,  f r i c t i o n  and wear a r e  t h e  l o w e s t  i n  hydrogen, 
h i g h e r  i n  h e l i u m ,  and h i g h e s t  i n  a i r .  X-ray d i f f r a c t i o n  ana lyses  p r o v i d e d  a 
c l u e  for  a p l a u s i b l e  e x p l a n a t i o n  o f  t h i s  t r e n d .  
A comparison o f  x- ray d i f f r a c t i o n  peak i n t e n s i t i e s  (peak h e i g h t s )  f o r  
c o a t i n g s  t e s t e d  t o  760 OC i n  t h e  t h r e e  atmospheres showed t h a t  o n l y  t h e  chromic 
o x i d e  l e v e l  was a f f e c t e d  by t h e  t e s t  atmosphere. The r e l a t i v e  chromium o x i d e  
c o n c e n t r a t i o n  l e v e l s  were approx imated from t h e  i n t e n s i t i e s  o f  t h e  d i f f r a c t i o n  
peak f o r  t h e  (110) p l a n e  o f  t h e  chromic o x i d e  c r y s t a l  s t r u c t u r e  w i t h  n o  c o r r e c -  
t i o n  f o r  a d s o r p t i o n  or f l u o r e s c e n c e .  The r e l a t i v e  chromic o x i d e  l e v e l s  were 
o b t a i n e d  s i m p l y  by n o r m a l i z i n g  t h e  peak h e i g h t s  r e l a t i v e  t o  t h e  a i r  atmosphere 
case. 
A s  would be expected,  t h e  r e l a t i v e  c o n c e n t r a t i o n  l e v e l  o f  chromic o x i d e  
on t h e  wear t r a c k s  i s  h i g h e s t  for specimens r u n  i n  a i r  and l o w e s t  f o r  s p e c i -  
mens r u n  i n  hydrogen. I n  s p i t e  of t h e  h i g h  p u r i t y  o f  t h e  b o t t l e d  t e s t  gases, 
chromic o x i d e  i s  found on  t h e  wear t r a c k s  o f  specimens r u n  i n  h e l i u m  and i n  
hydrogen due t o  r e s i d u a l  oxygen and p o s s i b l y  water  vapor  p r e s e n t  i n  t h e  t e s t  
chamber. 
F i g u r e  14 i s  a graph o f  t h e  average f r i c t i o n  c o e f f i c i e n t  
t i v e  chromic oxide l e v e l  no rma l i zed  t o  t h e  chromic o x i d e  l e v e  
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versus  t h e  r e l a -  
i n  a i r .  The 
da ta  points dr'e I i i i i i t e d  iii nuiiiber, b u t  the  t r e n d  i n d i c a t e s  t h a t  t h e r e  i s  a 
d i r e c t  r e l d t i o r i s h i p  between the f r i c t i o n  c o e f f i c i e n t  and the  l e v e l  o f  chromic 
o x i d e  p resen t  a t  t he  s l i d i n g  i n t e r f a c e  for t h i s  c o a t i n g  system. 
Chromic o x i d e  i s  a ha rd ,  r e f r a c t o r y  compound t h a t  i s  a good an t i -wear  
m a t e r i a l  when a p p l i e d  as a smooth, adherent  c o a t i n g  ( r e f .  6 ) .  I n  t h i s  i n s t a n c e  
however, t h e  chromic o x i d e  t h a t  forms on t h e  plasma sprayed c o a t i n g  a p p a r e n t l y  
a c t s  as an a b r a s i v e  component i n  t h e  s l i d i n g  c o n t a c t ,  t he reby  i n c r e a s i n g  fr ic- 
t i o n  and wear. 
s i l v e r  
c o a t i  ng 
may be 
I t  
samul es 
To determine o t h e r  f a c t o r s  i n f l u e n c i n g  t h e  f r i c t i o n  and wear b e h a v i o r  of 
t h e  c o a t i n g ,  energy d i s p e r s i v e  spec t ra  (EDS) x- ray ana lyses  o f  t h e  r i d e r  wear 
scars  w e r e  per formed.  These analyses i n d i c a t e d  t h a t  t h e  amount o f  s i l v e r  
t r a n s f e r  from t h e  p a r e n t  c o a t i n g  t o  t h e  r i d e r  wear scar  i s  much lower  f o r  spec- 
imens r u n  i n  a i r  t han  i n  h e l i u m  or hydrogen. P rev ious  s t u d i e s  i r l d i c a t e  t h a t  
r a n s f e r  has a b e n e f i c i a l  e f f e c t  on t h e  t r i b o l o g i c a l  per formance o f  t h e  
Thus t h e  lower l e v e l s  of s i l v e r  t r a n s f e r  for  specimens r u n  i n  a i r  
n h i b i t i n g  i t s  l u b r i c a t i n g  f u n c t i o n  i n  these cases. 
i s  d i f f i c u l t  t o  p rove  t h a t  t h e  h i q h  l e v e l s  o f  chromic o x i d e  p r e s e n t  on 
r u n  i n  a i r ,  i n h i b i t  b e n e f i c i a l  s i i  
t h a t  b o t h  h i g h  chromic o x i d e  l e v e l s  on  t h e  
f e r  to  the  r i d e r  wear scar  a r e  s i g n i f i c a n t  
t i o n  and wear. 
The e f f e c t  o f  p r e f u s i n g  t h e  e u t e c t i c  
e r  t r a n s f e r .  I t  i s  l i k e l y ,  however, 
wear t r a c k  and reduced s i l v e r  t r a n s -  
f a c t o r s  c o n t r i b u t i n g  t o  h i g h e r  f r i c -  
s e v i d e n t  by compar inq t h e  f r i c t i o n  
and wear d a t a  i n  t a b l e  I X .  - F r i c t i o n  c o e f f i c i e n t s  a re  1 5  t o ' 2 0  p e r c e n t  lower, 
c o u n t e r f a c e  wear i s  20 t o  30 percent  lower and c o a t i n g  wear remains about  the  
same f o r  c o a t i n g s  prepared by  t h i s  improvement p rocess ing  method. They a r e  
a l s o  more u n i f o r m  and e a s i e r  t o  plasma spray .  There fo re ,  p r e f u s i n g  t h e  f l u o -  
r i d e  e u t e c t i c  has been adopted as a s tandard  p a r t  of t h e  c o a t i n g  p rocedure .  
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C H A P T t R  - - __ V I  - CONCLUSlON? 
I n  g e n e r a l ,  the  a d d i t i o n  of t h e  s o l i d  l u b r i c a n t s  s i l v e r  and f l u o r i d e  
e u t e c t i c  t o  t h e  metal-bonded chromium c a r b i d e  c o a t i n g  does s i g n i f i c a n t l y  
improve i t s  t r i b o l o g i c a l  c h a r a c t e r i s t i c s .  Also, t h e  t e s t  atmosphere has a s i g -  
n i f i c a n t  e f f e c t  on t h e  f r i c t i o n  and wear c h a r a c t e r i s t i c s  o f  t h e  c o a t i n g  system. 
The f o l l o w i n g  s p e c i f i c  conc lus ions  from t h i s  work can be made: 
1 .  A mechanism d e s c r i b i n g  t h e  e f f e c t  of t h e  l u b r i c a n t  a d d i t i v e s  on t h e  
c o a t i n g  system i s :  i n  t he  absence o f  t h e  s o l i d  l u b r i c a n t  a d d i t i v e s ,  chromium 
c a r b i d e  p a r t i c l e s  t r a n s f e r  from t h e  c o a t i n g  and embed i n t o  t h e  s u r f a c e  of t h e  
s o f t e r  counter face  p i n  a l l o y .  T h i s  leads  t o  a b r a s i v e  wear o f  t h e  rema in ing  
p a r e n t  c o a t i n g .  The presence o f  s i l v e r  and BaFZ/CaF2 a d d i t i o n s  i n  1 : l  r a t i o  
amounts a r e  e f f e c t i v e  i n  r e d u c i n g  f r i c t i o n  and wear. These a d d i t i o n s  formed 
l u b r i c a t i v e  f i l m s  on the  s l i d i n g  su r faces  which e f f e c t i v e l y  i n h i b i t  t r a n s f e r  
of c a r b i d e  p a r t i c l e s  t o  the  c o u n t e r f a c e  m a t e r i a l  and p r e v e n t  s e l f - a b r a s i o n  o f  
the  c o a t i n g .  
2 .  The bes t  o f  the counter face  a l l o y s  e v a l u a t e d  f o r  these c o a t i n g s  i s  a 
hardenable c o b a l t  a l l o y  C.  Favorab le  r e s u l t s  were a l s o  o b t a i n e d  w i t h  a formu- 
l a t e d  c o a t i n g  s l i d l n g  a g a i n s t  i t s e l f .  
s i s t i n g  o f  70 w t %  bonded chromium c a r b i d e  and 15 w t  % each o f  s i l v e r  and 
BaF2/CaF2 e u t e c t i c  ( P S 2 1 2 ) .  
ve ry  low wear i s  observed from 25 t o  760 " C .  
3 .  The optimum r e s u l t s  a r e  o b t a i n e d  w i t h  a l l o y  C s l i d i n g  on a c o a t i n g  con- 
F r i c t i o n  c o e f f i c i e n t s  a r e  t y p i c a l l y  0.220.05 and 
4 .  The r e s u l t s  of t h i s  s t u d y  suggest t h a t  some o f  t h e  compos i t ions  des- 
c r i b e d  may be va luab le  f o r  c o a t i n g  s l i d i n g  c o n t a c t  components i n  advanced hea t  
eng ines .  
eng ine .  
The r e s u l t s  i n  hydrogen a r e  e s p e c i a l l y  a p p l i c a b l e  t o  t h e  S t i r l i n g  
5 .  The f r i c t i o n  and wear of a chromium c a r b i d e  based c o a t i n g  (PS200) i s  
a f f e c t e d  by t h e  atmosphere p r e s e n t  d u r i n g  s l i d i n g .  
t i e s  a r e  b e t t e r  i n  i n e r t  or r e d u c i n g  atmospheres than i n  a i r .  
F r i c t i o n  and wear p roper -  
6 .  The t e s t  atmosphere i s  one f a c t o r  t h a t  c o n t r o l s  t h e  f o r m a t i o n  o f  chro-  
mic o x i d e  which seems t o  have an adverse e f f e c t  on t h e  t r i b o l o g i c a l  p r o p e r t i e s  
of the  c o a t i n g  and may be i n h i b i t i n g  b e n e f i c i a l  s i l v e r  t r a n s f e r .  
7 .  There may be a d i r e c t  r e l a t i o n s h i p  between chromic o x i d e  l e v e l s  p r e s e n t  
on wear sur faces  and t h e  f r i c t i o n  c o e f f i c i e n t .  
8 .  The t e s t  d a t a  i n d i c a t e  t h a t  c o a t i n g  behav io r  can be improved i f  t h e  
f o r m a t i o n  o f  chromic o x i d e  can be reduced and i f  s i l v e r  t r a n s f e r  from t h e  pa r -  
e n t  c o a t i n g  t o  the p i n  can be enhanced. 
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APPENDIX  A - THERMOCHEMICAL CALCULATIONS 
The c a l c u l a t i o n  of chemical  r e a c t i v i t i e s  between p o t e n t i a l  l u b r i c a n t  mate- 
r i a l s  and expected o p e r a t i n g  environments i s  i l l u s t r a t e d  i n  t h i s  appendix 
( r e f .  7 ) .  E q u i l i b r i u m  cons tan ts  fo r  presumed r e a c t i o n s  a r e  c a l c u l a t e d  a t  sev- 
e r a l  tempera tures  t o  de termine the  r e l a t i v e  s t a b i l i t y  o f  t h e  proposed l u b r i c a n t  
m a t e r i a l .  Small produce p a r t i a l  pressures ( l e s s  than  i n d i c a t e s  t h a t  t h e  
m a t e r i a l  i s  s t a b l e  under t h e  env i ronmenta l  c o n d i t i o n s  b e i n g  cons ide red .  The 
f o l l o w i n g  a r e  c a l c u l a t i o n s  o f  t h e  chemical r e a c t i v i t y  between CaF2 and hydro- 
gen a t  760 "C. 
The presumed r e a c t i o n  i s  as f o l l o w s :  
1 / 2  CaF2 + 1 /2  H2 = 112 Ca + HF 
hence, t h e  exp ress ion  for t h e  e q u i l i b r i u m  c o n s t a n t  i s :  
- 'HF K - 
hydrogen )1/2 
( hydroge n 
where PHF and Phydrogen represent  t h e  p a r t i a l  p ressu res  of t h e  hydrogen- 
f l u o r i d e  and hydrogen gas r e s p e c t i v e l y .  A hydrogen p a r t i a l  p ressu re  o f  1 atm 
i s  assumed f o r  these c a l c u l a t i o n s .  
The p ressu re  of the  hyd rogen- f l uo r ine  gas i s  used t o  determine t h e  r e l a -  
t i v e  r e a c t i v i t y  of  t h e  CaF2. 
c o n s t a n t ,  K, i t  i s  seen t h a t  t he  hyd rogen- f l uo r ine  p a r t i a l  p ressu re  i s  i n s i g -  
n i f i c a n t  under these c o n d i t i o n s :  
By us ing  t a b u l a t e d  va lues  f o r  the  e q u i l i b r i u m  
PHF = 10-13 atm 
No s i g n i f i c a n t  r e a c t i o n .  
s i m i l a r  c a l c u l a t i o n  f o r  CaF2 i n  oxygen y i e l d s  
r e a c t i v i t y .  
as h i g h  as 760 OC. C a l c u l a t i o n s  f o r  o t h e r  m a t e r i a l s  and env i ronments a r e  done 
i n  a s i m i l a r  manner. 
There fore  CaF2 i s  s t a b l e  i n  hydrogen a t  760 OC. A 
Thus CaF2 i s  s t a b l e  i n  b o t h  oxygen and hydrogen a t  tempera tures  
PHF = l O - z 7 ;  no s i g n i f i c a n t  
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APPENDIX 6 - RECOMMENDED G R I N D I N G  PROCEDURE 
( 1 )  Use diamond g r i n d i n g  o n l y  
( 2 )  Use water as l u b r i c a n t  - use no o i l  
( 3 )  I n i t i a l  g r i n d i n g  depth  shou ld  be 0.0025 cm 
(4) F i n a l  cuts  shou ld  be 0.001 t o  0.0015 cm 
- Taking too deep a c u t ,  i . e . ,  0.01 cm, w i l l  p l u c k  s o f t e r  phases 
(Ag and BaF2/CaF2> from s u r f a c e .  
- Taking too l i g h t  a c u t ,  i . e . ,  l e s s  t h a n  0.001 cm, w i l l  smear t h e  
metal-bonded chromium c a r b i d e .  Th is  w i  1 1  r e s u l t  i n  an "orange 
p e e l "  type f i n i s h .  
( 5 )  Ground surface shou ld  be ma t te  n o t  g l o s s y  and have a speck led  
appearance r e p r e s e n t i n g  t h e  t h r e e  separa te  phases. 
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APPENDIX __ C - P I N  WEAR VOLUME CALCULATIONS 
The volume of material worn from a hemispherical surface is a function of 
the heinic,pherical radius and the wear scar diameter. Mathematically, the vol- 
ume equation is defined as follows: 
V = 0.167nh(3a2 + h2) 
where 
a = wear scar radius 
h = r - (1-2 - a2)1/2 
r = radius o f  curvature 
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APPENDIX  D - EXPLANATION OF WEAR FACTORS 
The wear f a c t o r  (K)  used i n  t h i s  paper i s  a c o e f f i c i e n t  wh ich  r e l a t e s  the  
ume o f  m a t e r i a l  worn from a sur face  to  the  d i s t a n c e  s l i d  and t h e  normal 
.d a t  t he  con tac t .  M a t h e m a t i c a l l y ,  K i s  d e f i n e d  as:  
v 
(S x W )  
k =  
where 
W = normal l o a d  a t  the s l i d i n g  c o n t a c t  i n  k i l o g r a m s  
S = t o t a l  d i s tance  s l i d  i n  c e n t i m e t e r s  
V = volume o f  m a t e r i a l  worn away i n  c u b i c  c e n t i m e t e r s  
The p h y s i c a l  i n t e r p r e t a t i o n  o f  the  numeric va lue  o f  t h e  K f a c t o r  i s  as f o l -  
lows: 
cm 
cm-kg h i g h  wear K =  
V t o  IO-'' cm3 
cm-kg moderate t o  low wear h =  
Some a u t h o r s  p r e f e r  wear f a c t o r  u n i t s  o f  m r n 3 / ( N - m ) .  
can be made to  a close approx ima t ion  by m u l t i p l y i n g  o u r  u n i t s  by 104. 
Convers ion  to  these u n i t s  
APPENDIX E - ERROR ANALYSIS 
The exper imenta l  e r r o r  f o r  the d a t a  p resented  i n  t h i s  t h e s i s  can be ana- 
l y z e d  i n  two ways. One i s  t he  p r e c i s i o n  w i t h  which t h e  measurements a r e  made; 
an e x t e r n a l  e r r o r  a n a l y s i s .  Another method i s  t o  d e f i n e  t h e  e r r o r  i n  a s t a t i s -  
t i c a l  manner based upon s i m i l a r  data s e t s ;  an i n t e r n a l  e r r o r  a n a l y s i s .  
The Ex te rna l  Error A n a l y s i s  
urements such as f r i c t i o n  c o e f f i c i e n t ,  r i d e r  wear f a c t o r ,  and c o a t i n g  wear f a c -  
tor can be made ( r e f .  13) .  
The e x t e r n a l  e r r o r  i s  based upon t h e  p r e c i s i o n  w i t h  which p h y s i c a l  meas- 
The f r i c t i o n  c o e f f i c i e n t ,  p, i s  de f ined as t h e  f r i c t i o n  f o r c e  between two 
m a t e r i a l s  i n  r e l a t i v e  mo t ion  d i v i d e d  b y  the  normal f o r c e  o f  t h e  c o n t a c t .  
( F r i c t i o n  f o r c e )  
(Normal f o r c e )  l J =  
The e x t e r n a l  e r r o r  assoc ia ted  w i t h  p can a r i s e  form u n c e r t a i n t i e s  i n  
t h e  magni tude of t h e  a p p l i e d  l o a d  and inaccu racy  i n  the  measurement o f  t h e  
f r i c t i o n  f o r c e .  The f r i c t i o n  force i s  measured w i t h  a c a l i b r a t e d  s t r a i n  gauge 
b r i d g e .  
The l o a d  i s  a p p l i e d  by  means of a dead we igh t  system. F r i c t i o n  i n  the  p u l l e y s  
which t r a n s m i t  t h e  a p p l i e d  l o a d  t o  t h e  specimens and t h e  l o a d  chamber feed-  
th rough  system i n t r o d u c e s  an error of 5 p e r c e n t .  
a r e  based upon c a l i b r a t i o n  measurements o f  t h e  t e s t  r i g  components. The ove r -  
a l l  e r r o r  o f  the  f r i c t i o n  c o e f f i c i e n t  i s  es t ima ted  as t h e  r e s u l t a n t  o f  i t s  
p a r t s :  
The u n c e r t a i n t y  of t h i s  measurement system i s  app rox ima te l y  3 p e r c e n t .  
These u n c e r t a i n t y  e s t i m a t e s  
2 112 p e x t e r n a l  = ( ( 3  p e r c e n t ) 2  + ( 5  p e r c e n t )  ) = +6 p e r c e n t .  
The e r r o r  o f  t h e  K f a c t o r  i s  dependent upon t h e  i naccu racy  i n  t h e  meas- 
urement of t h e  d i s t a n c e  s l i d ,  load,  and wear volume. The f o l l o w i n g  a r e  t y p i -  
c a l  e s t i m a t e s  f o r  t h e  e r r o r s :  
Error o f  wear volume = 211.5 pe rcen t  
Error o f  d i s t a n c e  s l i d  = 22 percent  
Error o f  l o a d  = 25 pe rcen t  
The c o a t i n g  wear f a c t o r  equat ion  has the  same genera l  form as t h e  r i d e r  
wear f a c t o r  equa t ion ,  however t h e  u n c e r t a i n t y  o f  t h e  wear volume i s  s l i g h t l y  
s m a l l e r ,  10 pe rcen t .  Thus the u n c e r t a i n t y  o f  t h e  c o a t i n g  wear f a c t o r  i s :  
9 p e r c e n t .  
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The I n t e r n a l  Error A n a l y s i s  
The i n t e r n a l  e r r o r  i s  based upon d a t a  s c a t t e r  from comparable t e s t s  and 
i s  s t r o n g l y  dependent upon v a r i a t i o n s  i n  specimen m a t e r i a l  p r o p e r t i e s .  S ince  
p r e p a r a t i o n  and c h a r a c t e r i z a t i o n  o f  plasma-sprayed c o a t i n g s  i n v o l v e s  many v a r i -  
ab les  and i s  v e r y  d i f f i c u l t ,  s i g n i f i c a n t  v a r i a t i o n s  i n  m a t e r i a l  p r o p e r t i e s  can 
be e x h i b i t e d  between d i f f e r e n t  batches o f  samples. W i t h i n  t h e  same b a t c h  or 
r a t h e r  w i t h  specimens f a b r i c a t e d  a t  t h e  same t i m e  w i t h  i d e n t i c a l  raw m a t e r i a l s  
t h e  d a t a  s c a t t e r  i s  reasonab le  and compares w i t h  t h e  e x t e r n a l  error e s t i m a t e .  
However, da ta  f rom s i m i l a r  t e s t s  b u t  d i f f e r e n t  ba tches  do n o t  c o r r e l a t e  w e l l .  
F r i c t i o n  c o e f f i c i e n t s  a r e  r e p r o d u c i b l e  w i t h i n  20 pe rcen t  b u t  wear f a c t o r s  may 
v a r y  as much as an o r d e r  o f  magni tude.  
A l though the  magnitudes o f  the  d a t a  f o r  s i m i l a r  specimens b u t  from d i f -  
f e r e n t  batches do n o t  always c o r r e l a t e  w e l l ,  t h e  t r e n d s  i n  t h e  d a t a  do .  For 
example, a PS212 c o a t i n g  specimen w i l l  g e n e r a l l y  d i s p l a y  b e t t e r  t r i b o l o g i c a l  
p r o p e r t i e s  than a PSZOO specimen from t h e  same b a t c h  b u t  may e x h i b i t  worse tri- 
b o l o g i c a l  p r o p e r t i e s  than a PS200 specimen from a d i f f e r e n t  ba tch .  S i m i l a r l y ,  
c o a t i n g s  r u n  i n  a i r  w i l l  always show h i g h e r  f r i c t i o n  and wear than s i m i l a r  
c o a t i n g s  from the  same b a t c h  r u n  i n  h e l i u m  or hydrogen. There fo re ,  t h e  t r e n d s  
i n  t h e  da ta  a re  repea tab le  b o t h  w i t h i n  the  same ba tch  o f  specimens and between 
d i f f e r e n t  batches b u t  t h e  a c t u a l  numbers may o v e r l a p  s i g n i f i c a n t l y  for  d a t a  
from d i f f e r e n t  batches. 
Because o f  the h i g h  c o m p l e x i t y  and expense of f a b r i c a t i n g  and t e s t i n g  t h e  
wear specimens, the sample number o f  i d e n t i c a l  t e s t s  w i t h i n  t h e  same ba tch  i s  
n e c e s s a r i l y  smal l  and a mean ing fu l  s t a t i s t i c a l  a n a l y s i s  of  t h e  d a t a  i s  n o t  usu- 
a l l y  p o s s i b l e .  A compromise o f  b o t h  t h e  e x t e r n a l  and i n t e r n a l  e r r o r  es t ima tes  
must be made when a n a l y z i n g  t h i s  t r i b o l o g i c a l  d a t a .  
The f o l l o w i n g  o v e r a l l  error e s t i m a t e  i s  chosen which most a c c u r a t e l y  
desc r ibes  d a t a  from specimens from the  same b a t c h :  
Error i n  1-1 = 26 p e r c e n t  
Error i n  K r i d e r  = 212.7 pe rcen t  
Error i n  Kcoat ing  = 211.9 pe rcen t  
and when comparing d a t a  from d i f f e r e n t  ba tches :  
Error i n  1.1 = 220 p e r c e n t  
Error i n  K r i d e r  = w i t h i n  an o r d e r  of magnitude 
Error i n  Kcoat ing  = w i t h i n  an o r d e r  o f  magnitude 
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TABLE I .  - COMPOSITION AND IDENTIFI- 
CATION NUMBER OF COATINGS EVALUATED 
' Compos I t I on 
Bonded 
Cr3C2 
80 
85 
85 
70 
60 
70 
70 
100 
I d e n t l  f l c a t l  on 
number 
PS200 
PS203 
PS204 
PS212 
PS213 
PS215 
PS216 
PS218 
S l l v e r  E u t e c t i c  
10 10 
5 10 
10 5 
15 15 
20 20 
30 0 
0 30 
0 0 
N i  
A 1  
Cr3C2 
co 
TABLE 111. - TYPICAL PLASMA 
SPRAY PARAMETERS 
28 -200 + 400 
2 Mesh 
58 
12 
Parameter 
Ag 
Arc gas 
100 -100 + 325 
Powder c a r r l e r  
gas 
BaF2 
CaF2 
Coa t ing  powder 
f l o w  r a t e  
62 -200 + 325 
38 
Amperage 
P i n  
m a t e r i a l  
D isk  
N i C r  
m a t e r l a l  
Vo l tage 
59 Co, 30 C r ,  4 W, 2 N i ,  
1 Fe, 1 C, 1.5 o t h e r  
70 N i ,  15  C r ,  7 Fe, 2.5 T i  
1 A l ,  1 Hn, 1 Co, 2.5 o t h e r  
80 Ni, 20 C r  
Gun t o  speclmen 
d i s t a n c e  
M a t e r i a l ,  
va lue  
Argon 
1.4 m3/hr 
Argon 
0.4 m3/hr 
1 kg /h r  
450 t o  475  A 
32 V 
%15 cm 
TABLE 11. - COMPOSITION OF THE 
THREE MAJOR COATING COMPONENTS 
Bonded Chromium Carb ide 
m a t e r i a l  
code 
A l l o y  A 
A l l o y  B 
A l l o y  C 
A l l o y  D 
material 
N I  Cr Co C Fe A i  S i  
Incone l  70 16 1 0.1 7.5 1 ---- 
XF818 18 18 -- .2 54.6 -- 0.3 
S t e l l l t e  2 30 59 1 1 -- .75 
N l t r o n l c  e 18 -- .1 61.8 -- 4.0 
X-750 
68 
60 
- 
T I  Mo Mn B W N Cb 
2.5 ---- 1 
--- 7 . 5  .15  0.7 -- 0.12 0.4 
4 ---- --- 
.12 --- 
--- .-- .---- --- 
.75 1.25 --- --- 
--- --_- - 8  -_- _ _  
TABLE V I .  - SCREENING OF P I N  MATERIALS AGAINST PS200 COATING 
[Tes t  c o n d i t i o n s :  0.5 kg, load; 2.70 m/s, s l i d i n g  v e l o c i t y ,  
38.97 kPa, chamber pressure. ]  
hardness 
Rc40 
Rcl8 
Rc42 
R, 28 
P i n  m a t e r i a l  
A l l o y  A 
I 25 
Temperature, 
O C  
760 
350 
A l l o y  D 
PS200 
A l l o y  C 
A l l o y  B 
760 
350 
25 
760 
350 
25 
7 60 
350 
25 
760 
350 
25 
F r  1 c t  I on  
: o e f f i c i e n t ,  
v 
He 
1.41 
.41 
-45 
-40  
.46 
.45 
.40 
.30 
.30 
-29 
-28  
-31 
.35 
* 25 
.38 
Wear 
~ ~~ ~~~ 
P l n  wear f a c t o r ,  
K ,  
cm3/cm- k g 
__ 
He 
4x1 0-1 
2x1 0-9 
2x1 0-9 
4x1 0-1 
3x1 0-10 
6x1 0-1 
3x1 0-1 
2x1 0-10 
2x1 0-10 
2x1 0-10 
4x1 0-1 0 
6x1 0-1 
7x1 0-1 
5x1 0-1 
2x1 0-1 1 
29 
H2 
Wear 
Coat ing wear f a c t o r ,  
K, 
cm3/cm- k g 
He 
-------- 
Average 
va 1 ue 
1 .7x10-9 
Average 
va lue  
1 . 6 x l  0-9 
Average 
va 1 ue 
8 . 6 ~ 1 0 - 9  
Too smal l  
t o  mea- 
sure  
9 . 2 ~ 1  0 - l o  
8 . 2 ~ 1  0-1 
1 .7x10-9 
H2 
TABLE V I I .  - F R I C T I O N  AND WEAR SUMMARY FOR VARIOUS COATINGS AGAINST ALLOY C 
I N  HELIUM AND HYDROGEN 
[Tes t  c o n d i t i o n s :  0.5 kg, load; 2.7 m/s, s l i d i n g  v e l o c i t y ;  and 
38.97 kPa, chamber p ressure . ]  
Coat i ng , 
PS number 
PS200 
Cr3C2-Ag-Eut. 
(80-1 0-1 0) 
PS203 
(85-5-1 0) 
PS204 
(85-1 0-5) 
PS212 
(70-1 5-1 5) 
PS213 
( 60-20-20) 
PS215 
(70-0-30) 
PS216 
(70-0-30) 
PS218 
(1 00-0-0) 
PS218 
(1 00-0-0) 
Atmosphere 
I ? 
H2 
Temperature, 
O C  
7 60 
350 
25 
760 
350 
25 
760 
350 
25 
760 
350 
25 
760 
350 
25 
760 
350 
25 
760 
350 
25 
760 
350 
25 
7 60 
350 
25 
Average, 
IJ 
0.35 
.25 
.38 
.50 
.45 
.47 
.50 
.50 
.47 
.26 
.20 
.21 
.28 
.20 
.21 
.35 
.34 
.23 
.40 
.42 
.42 
.60 
.50 
* 55 
.50 
.48 
.35 
Pin wear 
f a c t o r ,  K 
cm3/cm- kg  
7x1 0-1 
5x1 0-1 1 
1 .5x10-10 
N o t  measurable 
7 .5~10-10  
4 . 3 ~ 1  0-1 
7x10-11 
4x1 0-1 0 
6x1 0-1 0 
5x1 0-1 1 
3x1 0-1 
3x1 0-1 1 
2x1 0-1 1 
1x10-11 
2x1 0-1 2 
Not measurable 
Not measurable 
4x1 0-1 1 
Not measurable 
Not measurable 
7x1 0-1 1 
1x10-11 
2x1 0-1 2 
1x10-12 
Not measurable 
c o a t i n g  t r a n s -  
f e r  t o  r i d e r  
s u r f  ace 
Coat ing  wear 
f a c t o r ,  K 
cm3/cm- kg 
9 .2~10-10  
8 .2~10-11  
1 . 7 ~ 1 0 - 9  
Average 
va lue  
3 . 4 ~ 1 0 - 9  
1 .3x10-9 
1 . 0 ~ 1 0 - 9  
1 .l xl0-10 
1 .l Xl O-10 
5 . 0 ~ 1  0-1 
2.4~10-10 
8x1 0-1 2 
6x1 0-1 
4x1 0-10 
2x1 0-1 0 
1 x l0 -8  
E r r a t l c  
E r  r a t  1 c 
8. x l0 -9  
2 .4~10-9  
1.2xlO-8 
2x1 0-9 
2 .8~10-9  
1 .2~10-9  
4x1 0-10 
1 .4x10-9 
1 . 7 ~ 1 0 - 9  
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1ABLE V I I I .  - F R I C l l O N  AND WEAR SUMMARY OF PS200 SLIDING AGAINST COBALT ALLOY 
[Tes t  c o n d i t i o n s :  4.9 N load, 2.7 m/s s l i d i n g  v e l o c i t y ,  38.97 kPa 
chamber p ressure .  3 
Powder 
prepa r a t  I on 
Average f r i c t i o n  
c o e f f i c i e n t  
f a c t o r  k, 
cm3/(kg cm) 
f a c t o r  k, 
cm3/(kg cm) 
Average p l ~  wear 
Average c o a t  1 ng wear 
_ _  - 
Tes t  
Atmosphere 
Nonprefused Pre f  used 
f l u o r l d e  e u t e c t i c  f l u o r i d e  e u t e c t i c  
- 
0.28t0.03 0.23t0.03 
1.5~10-~~+0.3 1.2x10-11,o. 2 
6 . 5 ~ 1  0-1 O+O. 7 6.3~1 0-1 OtO. 5 
H2 
H2 
H2 
Average va lue  
He l ium 
He1 1 um 
He l ium 
Average v a l u e  
A i r  
A i r  
A i r  
Average v a l u e  
Temperature, 
O C  
760 
350 
25 
--- 
760 
350 
25 
--- 
7 60 
350 
25 
--- 
Average f r i c t i o n  
c o e f f i c i e n t ,  
IJ 
0.1 8f0.05 
.26f. 06 
.26f. 04 
. 2 3 + .  03 
.28+_. 04 
.26+. 03 
.32f. 03 
.29+. 03 
. 30 f .  03 
.37+. 04 
.28t. 03 
.32+. 05 
Average r i d e r  
k f a c t o r ,  
mm3/( m-N) 
0.75~1 0-720. 35 
1 .25x1 0-7f. 35 
2 .Ox1 0-72. 35 
1 1.33~10- k.35 
5 . 6 2 ~ 1  (f7f2. 4 
3.44~1 0-7f1 .9 
4.17~10-~f1.2 
4.4~10 21.2 
5.16~10 21.1 
2.35~1 O-6+_1 .O 
1.31~10-~+.8 
2.94~1 0-6t2 
-7 
-6 
TABLE I X .  - AVERAGE DATA FOR PS200 COATING WITH BOTH 
PREFUSED AND NONPREFUSED EUTECTIC 
Average c o a t i n g  
k f a c t o r ,  
m3/( m-N) 
7.6~1 O-6f1 .9 
4.5~1 Oe6+_2. 1 
7.Oxl0-'23.8 
6.4~1 O-6+_1 -6 
8.7~1 O - 6 t .  7 
8.2~10-~f.5 
1 .5~10-~2.23 
1.04~10-~t.4 
1.5~10 k.2 -5 
1 .oX10-~+_.2 
2.1 x10% 2 
1.5~10-~+_.5 
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STRONG BONDS WITHIN THE SULFUR-MOLYBDENUM- 
SULFUR LAYERS HIGHLY RESIST PENETRATION BY 
SURFACE ASPERITIES 
1 6.16 
WEAK BONDS BETWEEN THE SULFUR-SULFUR LAYERS 
ALLOW EASY SLIDING OF THESE LAYERS OVER ONE 
ANOTHER RESULTING I N  LOW F R I C T I O N  FORCE 
FIGURE 1. - CRYSTAL LATTICE STRUCTURE OF MOS2. 
ACL 
MATERIALS 
MELTING 
TEMPERATURE 
CHEW I CAL 
REACTIVITY 
F b  TRIBOLOGICAL NO 
PROPERTY GATE 
PRACTICAL 
APPLICATIONS 
POTENTIAL 
LUBRICANTS? 
FIGURE 3 .  - FLOW CHART D I A -  
GRAM OF THE DESIGN PROCESS. 
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FIGURE 2 .  - S T I R L I N G  ENGINE PISTON SHOWING 
"HOT RING" WHERE TEMPERATURES REACH 
750 OC. HIGH-TEMPERATURE LUBRICANT 
NEEDED FOR T H I S  APPLICATION. 
o\PS718 
A loo 
0 10 20 30 40 50 
PERCENT BaF2/CaF2 INCREASING - 
FIGURE 4. - PSEUDO-TERNARY DIAGRAM OF THE LUBRICANT SYSTEM. 
. 
ELECTRICAL 
SUPPLY 
n 
POWDER 
HOPPER 
ARGON I I 
GAVPOWDER 
PLASMA 
FIGURE 5. - SCHEMATIC OF THE PLASMA-SPRAY PROCESS 
p m d  BONDED CERAMIC 
r] LUBRICANTS 
GROUND COATING FROM WHICH SOFT LUBRICANTS H A M  BEEN "PLUCKED" FROM 
THE SURFACE. POOR SURFACE. 
,-LAYER OF NICKEL 
/ 
GROUND COATING I N  WHICH NICKEL BOND MATERIAL HAS BEEN SMEARED OVER 
COVERING LUBRICANTS. POOR SURFACE. 
1:; , . t ' :: r /  '{ ~ , , wy  . '  v// / / /&.  . .  . ~- . .  . .  , / .: . !< 
CORRECTLY GROUND COATING. 
ARE PRESENT AT SURFACE. 
BOTH THE LUBRlCANTS AND B O N M D  CERAMIC 
FIGURE 6 .  - HYPOTHETICAL CROSS-SECTION ILLUSTRATION OF DIAMOND 
GROUND SURFACES. 
FIGURE 7. - DIAMOND GROUND PART. 
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ORlGiNAL PAGE 13 
OF POOR QUALITY 
RIDER 7, 
INDUCTION HEATING CO 
W I NWW 
I- COAXIAL ELECTRICAL 
iEED-THROUGH 
FIGURE 8. - HIGH-TEMPERATURE FRICTION APPARATUS. 
S L  1 
CHRl 
DING 
3MIUM LEVEL 
DIRECTION - 
CHROMl 
S L  I D 1  NG 
UM Lt 
DIREl  
# 
IML 
:TION 
0RIGtNP.L PAGE IS 
OF POOR QUALITY 
SCAN I .I NE 
( A )  CHROMIUM DISTRIBUTION I N  V I C I N I T Y  OF WEAR SCAR. 
SCAN L I N E  
( B )  CHROMIUM DISTRIRI IT ION I N  V I C I N I T Y  OF WkAR TRACK 
FIGURE 9 .  - EDS X-RAY DISTRIBUTIONS ON WEAR SPECIMENS: PS718 (WITHOUT SOLID LUBRICANT 
ADDITIVES)  AFTER S L I D I N G  AGAINST HARDENED COBALT ALLOY C. TEST CONDITIONS: HELIUM 
ATMOSPHERE. 0.5 K G  LOAD. 2.7 M/SEC. S L I D  FOR 3 H R .  
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N I  
SL I D l N G  
4 
CKEL LEVEL 
ALUM1 
DIRECTION - 
S L I D I N G  
4 
NUN LEVEL 
DIRECTION ' - 
b -  WEAR SCAR 
SCAN L I N E  
( C )  NICKEL DISTRIBUTION I N  V I C I N I I Y  OF WEAR SCAR. 
SCAN L I N E  
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( D )  ALUMINIIM DISTRIBUTION IN V l C l N l i Y  OF WFAR SCAR. 
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